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FOREWORD

Tile Ficid San-'Y ReCPOIt oil liquid prop~ellanlt r'ocets and pulse jet

engines was prepared at the suggestion of the Plicy Comm'littee, in ordler

t ~that time fundamental research in Project SQUI m1 uight be related to other

projects and programs of research in this field, and to problems arising

in thle developmnt of rocket andl pulse jet engine equipmflent.

lIn ordler to fulfill this purpose the Field Sireey Report hiad to he

more than a brief outline of thle work of each contractor. hut tiiiie did( not

permit it to be p~repared as a mnograph in each branch of tile field of

el)popuilsionl. Trile choice of presimitat ioni of thle work in each volume of tile

report was governed in p~art by the anount of available information and1(

hy its relation to time research now ieing sponsored by Project SQIDJ.

The Policy Committee will use thme Field Surrey Repo~rt as a basis for

adjust ments in thle research program of Project S(l II),inrlrtoese

a more effective attack onl thme fundamental problems in thle field of pro-

p~ulsion. The Policy Committee hopes that this repiort may also be useful

to scientists conducting research andl developmnent in fields relating to hpro-

pulsion, and to members of government organizations responsible for thle

p~lanninlg anid integration of research programs in propulsioni.

Ilumi S. TAYLOR, Chairnman
Policy Comunittee. Project SQtI)

-~ -_____A
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PREFACE

The Pield Sarcy Report was prepared by the Technical Survey Group,
Project SQUID, under the direction of Engineering Research Associates,
Inc.

The assembly of the material and the preparation of each part of the
report was undertaken as a group effort, to which the staffs of both Prince-
ton 'nivrsity and Engineering Research Associates, Inc., have contrib-
uted. Mr. F. A. Parker, Project Organizer, and Mr. W. C. II'use, Chief
Technical Aide, of the central administrative staff of Projeet S, 7l11) at
Princeton served as members of the Technical Survey Group and prepared
Vo~ume 1I. In addition, Prof. J. V. Charyk of the Aeronautical Engineer-
ing )epartnment at Princeton visited th, California Institute of Technology
and furnished basic infornmalion concerning the research programl there.
lIe also offered many helpiul suggestions with regard to several parts o
Volume I.

In the preparation of this report the members of the Technical Survey

Group have received the assistance, counsel and cooperation of representa-
tives of the War and Navy Departments and other Government agencies,
and of representatives of academic and industrial laboratories who are
under contract to the government for research and developlent in this
field.

The authors are indebted To a number of scientists who have reviewed
each part of the report and have offered much constructive critieism. The
authors also wish to express their al)preciation for the as:stance which was
so generously given by representatives of the Office of Naval Research and
of the Bureau of Aeronautics.

TiE TmECNICAL SURVEY GROUP
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- MATEIRIIALS

I. SUMMARY

This report summiarizes the government sponsored Thel most satisfactory iigh temperature alloys
reearci work on metallic and ceramic materials suit- availalhle at lresent are those developed for us- in
able for use at elevated temperatures. In addition, gas turbines. Further iinl)rovenient of these alloys
brief discussions are given of the fields of research may l)e expected, but the requirnlents for rocket
important in conneetion with the development of and pulse jet engines are so severe that work on the
materials, of the present state of knowledge. ahd of high melting point metals not comnlnolly used for
outstanding problems. construction should he emphasized.

No eriterion exists by w\hichl thet highl temuper'atitre Tile requiremnents f'or re~sistall(ee to thernmal shiock

properties of a mlaterial c0all h~e predlieted, and hencve andl for strength at elevatedI templleratulre have olpenv(
most o~f thet work Oil thet (developmnent o)f latv.rials iie\V field-, of researt, h in Pelramlics, about whieli little

nmust he emipiric~al. To t'urnislh a logical basis for thet is known. Hligh temiperature techiniques and testing
guidance of a prograut on materials, it is in- methods need further study. The hilh nelting com-

portant that a better understanding of the solid state pounds heretofore used either not at all or only for
at elevated tempn)eratures he obtained. sl)ecial purposes should be thoroughly investigated.

j 11. RECOMMENDATIONS

The research projects descrilied in this report make ald alloys is urgently required.
adequate p~rovision for the dhevelopment of metallic c'. Tile de\'ehopnmnt of ighr melting poitit muetals,

and ceramic materials for use in the near future by horides. carbides, des. and oxides should he
the improvement of the hest of the materials now aveelerated.
known. It is felt, however, that relatively more em- ). 'Spevial provision should be made for the devel-
phasis should b~e placed oin tie solution of the out- oplnt of high teml)erature teehniques and ap-
standing problems discussed in Section V. There- paratus to increase the tvnperature range over
fore, the following reconunendations.are made which (luaititative data (all he olitained.
A. Research on the physical and chemical factors E. A project should be set ul) to study testing pro-

which affect time properties of metals, alloys, and cedures, particularly for ceramics, and eventu-
ceramics at high temuperatures should ibe (,n- ally to recommend the most suitabile for general

tinued and extended. use.
tB. Basic research to dletermnine tie piroperties which F. M1ore emphasis on investigations to establish the

a material nmst have to give satisfactory per- correlation ietween laboratory tests and service
formance should he extended. More information results is considered necessary for both metallic
on the influence of thermal conductivity of metals and ceramic materials.

III. INTRODUCTION

The simplified thermodynamic theory of rocket the combustion process is set by the dissociation of
propulsion (3), which assumes that hot gases in the the products of conbustion. 1 I the case of propel-
combustion eamber expand adiabatically, shows that lants consisting of carbon, hydrogen, nitrogen, and
the thrust on a rocket increases with increase in the oxygen, a temperature ef about 6000-F i, the maxi-
combustion chamber temperature, other factors re- mum for pre-,'ures of the oeder of 300 pounds per
maining constant. It is therefore desirable to have square inch ; hut other fuel combinations, which
the temperature of the gases as high as possible. But have been considered theoretically and which will
a limit to the temperature which can be attained by 1h1eferenve (3),, page 297.

14



Shtor~tly be t estedI expeim n t ally, give cliii in ter nil- strItgI-th fat igue resist a ace. and. itlosot imporI iitatt thli

perua trs cal isidera i; iii extcess of7000 'F(2) WW abi it to withsan rapi lit-lit ing k resistae t
vo list ri let 11111 Imiteria is and vo(otiill I lilethlit s a aal thl'.1in slitit'k are. add itijon al rt' pireltiits. It may
able, the highest possible flamle ttiperaiti le whti'h is appeaiir t hat tll leitateial to 1%ithstaind these opel'-
p lactivattle for votit inii Ils operat ioni is abI out 5000 F". at ii ig ola lit iols. (Ioes inot exist. I lit it sht'01(li e kel t
'lie (leveloplietit of manterialIs with Iblet ter' p ropert ies iiill Itl Id that tmIin V c elilteats an oli oti ids wit ii1 I-0gl

ait hiigh temtperatuares ori tof better t'ool i g itiet liads is Initt ltinig pits Ihatve' lievet' been exai iet as miatecrials
tho tc ore ticcessit iy if thle eth'ct i v itess atf jet poN~ ci of' 'i cli Pt ioj antdi ttiat ll lV IT l'st Ili the ( resis.

iilltsis to lie 1increasedI a lice of ittatct-'a I to It igli tettmperatuiires will Ittitke anl

t elirtiltre pr'oblemt a ppea l's ait present to ble t ra it- Th le hi gl t elti perat ii ie probile ill' ~Ii itli ils hals
ph-tiioin cool in1g, disc tlsset in ll Part 5i ot thIis report, Ie i eimphiitt111asi zed levt lst it itppei'lars to he i thle it nist

whichl will rirtillie the dvvelapitteilt of' sattis'itutoin rlfhatt ov t~ eits issli (1 iillg''i
porouls mhater'ials. I lawevt'i. thle add itjin of' a t-;'tnt--vs the'i l~'tIt ttlttt i vtlttss af I tt piower' plan ts. Ibtit 11111-
.sYstettt tot it ' wer plint is no it tilt it lI saollition be- t ei' sat istN corv at h iw tvclipei'attires ar iv i io lieves-

ettilse the desigit is cotttplk'nted antd the wveight ill- sati'y becaluse of thet ulse atf I iilttfiel gases its prl.il
ST'easedl. lIn the vanse of' shitort Am)1 I'li jig-t i me pioweri lilt s. I tcsisti tie to cor trosion andi it ox it ion att 1111
plaitts. a coiol i hg systml is jut prt''ticatlle. Th'let'efor'e Itmperaturiei''s an itto te rositin at hiight tt'ipeI it''t ire's :it,(,
stuiehs of' cool i tg ItIt'tiltIos and thle dlevelopmntt of fur ithier' retqiiremieitts. liI add(1it ion, there a i-( iii thle
porl s mtialii s iandt mat erials resistanit tut higlt t eiii 110o1i1111 vtl tt stri' it ittitIl prol ellis at itl dt'si gn cnsidet'r-

peru to ri mu lst lp toeet'u togtteint. atioits thItat go wit I tli h lihe of' allny power' pint.
'PTte two types tof mater'ialis wieli hltIave biet'i given't lit tilit' f'ol low~int si'tt it s 51ivey tof tilt l't'5iit mh

t'e mast t'oilsit evt'tiol fot' It igli-teni pe'atir u l'('s ar pcIroiject s ott highi tt'tti petII'i'i eri aliii s is gi veil X~it Ii

Spec uial alaots altid ('t'ia niljs. Be'foret It'e willi', a1lloys tti ell i5liisil thi' work wii I ii iy be of s pvi'njl sig ii i-
WPT'iedtt at temaper'atue iti''5)i to 1100 'P . antId ill thet f'lI e ot'r liidi rotcket anid pulse jeit powveri plants.
last few yearts im provemeni'its htavet be''te ii It'd w~li li ' Tt' reseall o il Iprutbi'ims of' gt'it'ial ippji tabi Iity,
perm'iiit uist' (if' aloys tip) toi tl tout 150(1"F iin gas tilt'- siuch ;, thlit st rength and be11 hav'ior of iiilt('1ia Is at
bl tts. Stanad revfriactory~ miater'ils have fuision roomtt 1 t 'it iii'e itndi stre'tss atnitlysis. alt l thle ext eli-
poinitts bettwt't'n 3000"141 ndt 40014 an" n al h e li'usted siv~e pt'ogi'il liioil thle proper 'ttit's (if maiterialIs at low~~

iteitts at-( not ttoi great atnd thIte ltt'ati g is not too It is recogIi ixi thItit th ltiita Is atnit eel'lic s ill-
rap~id. Thet r'equtirt'mtents for' jet power servi't' art' fat'

alreatdy bteein mtentionetd that ability to w~it ltstn d neoii tatril ihi vstifttm~ o s t
tt'itjt'lltll's if 0(1 F woldlietltsialic. iilitli Itiglt teimperatiures and thIat thet work is liilg int ively%

ton, it hias beetn ftn it thut thet avt'rage hteat flow i' o l mi a tit' lwi'isi' t timtat. ' i is i'e 110 i't owcvt'r,

II toughi wallIs of at rocket miay amotn t to ats inutch ias ;s pr1imai'ily i'oi tt'3'i'i 't iti Itiesct irviit undetr gtiv' 'i-

tiits thlit mettt iii uisiual f'irnne prt'iie. Ten'isile '('vjt'w athei'i work.

IV. SURVEY OF RESEARCH PROJECTS
A. Mletals and3( Alloys t'iuiilic'utetl. vottsistiitg (if ontet ori more phiase's will

Mebtalis atre c'itommoly ulsedt foi' eouistrtittioii pur- lnay be the puiire mtal'tts, stilitd solutionis, intt'e'it'et
plose's inl the form of alloYs, exc'ept for sptecial pu~rploses phauses of tdtfinitt' cotmtpositiont of the ntatture of' clietii-
such as coat ingts, bevaulst' it is iiiifflitit to remove 1 !f- cai (t copouds, or1 iiitttiitl d ilt ases of varmi abl vmncict-

purities inl a coiniterejid pr'ocess to jiroute a pure potsitionts. 'rThe hasit' iltftiriatioli reqtuir'ed iii thet
- ~~iettal, anid liteause alloys call lie miade whose me- ct'i'litifit' study tif alltoys is thei t'tiuiilib'iuimi phaise' (fill-

chanical pr'opertie's are better thtan tltose of thet pure gri'atii. which givt's thet phalst's at t'quiil ibriumit-, at hic-
metals eornposittg the alloy. A system of two or miore tion oif i'oiiilositjolt anid ttempeatutre'. FThe phase dia-
metals ill equilibriumn in the solid stat(e is ofteii quite gt'ittttls tf manyll liiiiii' sy'stt'is ar'e nttt yet accurately

2)



determined. In te case' of ternary systemts, the reln- crystal lattice. In general,efctdutohem r-

grainis Ilavt' beeit compileIttely worikedl out, of filie itetioti is not tund~erstood.
The trutur ofalloys is furthiercopiae y Atiulimsofiewrko lo,,asbnex

ti(,fle ta eu liim is otteii not atta i ied ill ti( eieiatwrtlivsiaionis hv enmd

comrilpoutatI that miaity valuabille prpr dii bwpoieo'lahgto atbterudr
nisrsutf on il-eq u ilibril urn condlit ions. Wh lndii fttesrctr n proerieso atras

th oH lo in equlibiu at it Iiighi ternpecratutre Frm(litmmcaiclcnieratioso h n

isco,-,pae hangtes rnay take place in the( solid eryo a-ieeetos eetyreviewed by Ilue-
stti~ligprecipitation ot at component whose Rohr 2 ,tt-pis onaisfrcertin alo

solubil ity dcesswith tilie temperature, phase sysStenis have been calculated, giving" roughl agreellenit
trait foriat ion froi aforim stable ait high temperia- N itli experimiental v'alues. It has been possible to
tures to one stable ait low temnperatures, or the etitec- ex plain,. qualitatively at least, the inechianical prop-
toid decomiposit ion of one, phase into two differenit erties of p~ill-( single-crystal and polyerystallmie met-
phases. Thev phase changes requtire considerable time, als iii ternms of "d(islocationis," a particular type of

*and it is ofteniosil to cool anl allo ,y rap~idly eniough lattice (defect (3:3). It has not bteeni possible yet to
to retaini at room temnperatutre at phiasi stable oly ait esteiid thiis thieory to thle complicated metallic systems
high temperatures. Rapid -ooling may also cause a met iii practice. O ther workers have attacked the
transition phase to formn. interrnediate between the problem front at different point ot view, by developing
highi temup. ature and low templerature pblases or mnathiematical expressions, front theory or explwriiieiit,
simiilar to the high tenmperature phase but miot relaitedl for observed phienoniena such as creel) and rupture.
to the low temperature phase. JDushrnan and( co-workers have found an expression

*The phase chianges which occur onl change of temii for creep rate as a function of temnperatutre and stress

lpeirt nrc arte the basis of the de~ elopiit oIf desired from experiments carriedl out upl to aboiut 1000'C
p~rop~erties by various heat treatmniits, such as solu- (6, 3:3). Nowick anid ALachili (2S) have .eveloped anl
tion heat treatm~ent to attain equilibrium at a high equation for thle creel) of mietals Iby the appllication o~f
temperature, quenching, and aging. A fundamenit'ital the tbeory of rate processes. Other expressions re-

applroachl to tlit p~roblenm of alloy properties will re- lating- strain, stress, and tirne have also been investi-
qiie the (letailed study of Ilhase changes as a funic- grated reentfly (20, 29). Studies of the effect of grain

*tion of time aiit temperat tre and a correlationi of size oil internal friction, shiowing that grain bound-
physical properties with tite nature anti distrihbuition aries exliilit viscous lbehavior (23), may lead to anl
of the phiases. The effect of timeit and~ temptleratuire oil exp~ressiont for the effect of grain siZe. 2 It is hoped

certain hpliase chianges has been investigated for stt'els, that eventually the fundamental chiaracteristics of a
leading to the developnii'nt of curves (5) which are metal or alloy c-an be cormrelatedl with the p~aramieter's
useftil in determining, thle heat treatment a given st.'l of the miathemiatical expressions describing the be-
sliotild receive to develop requiired p~roperties. Simni- havior and thus allow the mechanical p~roperties of a
lan studies are needed for other alloys, given systeti to be predicted.

Trhe properties of a metal or alloy tdepeind not only The experimental ivestig-ationt of the miechanisim
onl the nature of the lhiases p~resent but also on the of failure of materials is an important part of the
number, size, shape, orientation, and distribution of attceipt to correlate the( structure of a metal or alloy
the individtual crystallites or grains. It is known from withi its mechanical properties. The most common
explerimnlit, for exampile, that for each alloy system typeCs of mlec'hanical failure arc normal ductile fail-
there is anl optimum grain size for mechanical strength mire, brittle fracturc, creel), aiimd fatigue. Brittle frac-
andl that in sonic eases the propetr orientation of enys- hire is uistially anl intergranular separation. Creep

* tlshas important effects. The properties of a east may occur aloimg slip planies of the crystal, by flow
alloy dlepend~ to a large extent on the nature of the along the grain boundaries because of somec prop~erty
intercrystalline network, and the accumulation of of the boundaries themselves, or by flow along the
even small amounts of sonme phases iil the grain grain boundaries because of a p~roperty of inter-
boundaries will cause important alterations in those grantilar material. One explanation of fatigue fail.
prop~erties. Certaini alloys are hardened by the p~re- tire is the dlevelopmenit and growth of a small crack at
cipitation of small particles throughout the body of a point of stress concentration because of a non-homo-
the material, thought to 1)0 due to a keying action in

t~megran bondaies r t resdua strsse in he University of Chicago, Chicago, Illinois; T. S. M~; ONR
Contract N6.-ori-20, T.O. -4; Unelasifird.
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M11 El1?IA 1LS

genepity or of it lat t ie on peret ioul. In t Iiis eon al'e-
tionl it Imay bea not ed thItat tlheo Pet ivl ve il t buls 01 5 [ I
inechanieal streng-t Igive aeut aytmsis great t i
as observed values. Tii. is anl jnudictioti Or thet iii- -45- LOW CARBON N-4S]TEEL

STY
portancee or i utergranuilar coindit ions, In ier-o-fbi ws. and
bitt iee im11perfeet ions.4X

The pulrpose ot tilte above gene-ral d iselimsion is to

point out the type of probleni involved ill the develop. 35I
luelt ot HittisaLvtory metals and alloys. For tuzrtiher. STYPEM ST47 L
dletauils, referenee should he uIiade to at standard tt'xt 3 TI0 SSSEL
hook oil itietal liirg-Y, sihi as referenve k31)

1. ALIovS OF ('1111ONirIl AND O1" COBALT'. Most Ot 0
0

tilte work onl nigh temperature alloys has been done inl 2 2C- - - - -4

* colilieet ionl withI thle d evelopmuent of mat erials suit able
for uise, iii gas turbines. D~uring Ilit wall the National ~-
D~efense Research Commnittee. War Metallurgy lDivi- STY-SHORT TINAE YIELD STRENGTH, \
sionl (DIiv. 18 ). investigated mlanly alloy systems inl 10-I TES OPOUE01
at prelimnlary way inl order to find those wlieh ilp- CEEP IN 1000 HOURS kC
peuired mo1(st promising for further development. In ll
oine project (8) for example, the followinig systeis I 1%'c
were investigated -,(a) tungitstent-titaiumii-irlonI; (bi)0 24 6 B 0 -

tugte~hrmumn0kl 2ugtnerm 4m-6oaatt 2 14 16
and tutnigsteii-eirioiiiiitti-iinickel-cobailt withI additions TEMPERATURE - 10O* F.
of carbont, boron, beryllium, vanadium, titanium, amli- gut1.10 vnpruepretv.ofwoalymis
m i jim, sil ivon, i ron, aind liiolyl)(lil In ; and (e ) til igs- FiumeI.I jhIIIpmi r ri'ni~o w lo Ieh
ttielci roiii i nmi-iie -e-olal t with one or nmore eleliients
replaceed by niolybdenui. manganese. aluinium, Stainiless steel is t-oiuitiionlly used fol- vomstriet iou puri-
vanlaiui.l irou, or copper. rhe results of preliminary lposes. although its stret Ii decreases rapidly above
investigations of this type have lead to tile dlevelop- 11 001-F. Vitallium or I laynes Stellite 21 and N-i155
mnlt of alloys of cli l-oli ilu tn anid o It enbalt ats tile liost havye relatively good tensile strength ait 1 50010 Fantd
beat resistant tuetall ie tuaterilla. of conistruet ion avail - hav~e liveni used lortu irbinte blades. Nini11011 is low ili
ab~le todlay. hot tensile strength bitt it hias good creep resistanv(e

Many variationls ill compllosition have beenu stuidjiel!, and has giveni satisfactoi'y service inl gas tuirbintes. As
but thlt alloys 18-8 stainloss steel, I neot-.X. Ninionie. anl illustration of the Jpiopetties to lhe expeeteil of
N-155, and Vitallitim or H aynles Stellite 21 may be alloys of t his type inl high temperature service, the
ehiitseti as rep~resenitative of the types of alloys whliichi siort-tinie yield strenigthi, 0.21; set, and tile st ress ire

* are being considered. The iaini comiiponenits of these (Ilii ed to 'five (1.1 1 creep inl 1(000 hours anre ri vetl iil
alloys are given inl T1ale 1. Other comuponieits whichI Figure 1 for ia stainless Steel and anl N-i135 alloy, takent
are preseiit inl simall percentages, not shown inl Talek from reference 23. A biblioglraphy of' highl templlera-
1, may have important effects onl the properties of t ut'e alloys is given inl reference 1. Compilations of
the alloys, data onl solme of the alloys whiehi appear to be miost

Table 1. Main Comiponenits of Clertainl Highl Useful for jet pow~er p~lanits will be found inl refer-
Teimerature Alloys. enie5 9, 25, :34. More extenisive coipihitions are beinig

Alloy P'erentage 'omlposfition lprepiared biy B~attelle Memorial I nStittIte3 tindI the(
I ron ('Iirobmu (oblIt N ickel m oly I- rita- 11. WV. Kellogg CoiIptiiiy .-

(1111111 Iflumn
* 18-8 Stainiless T1'Ie de velo'pmient of hleat n~ sista ut al loys mulst be
FSteel 72 18 8 - - carried(l in by exp~erimenott at high tenuperatumex be-

Inconiel-X 7 15 - 73 -
Nitnonic-80 - 21 - 75 - 2.5
N-5 3 0 2 2N-15 33 (1 2 2(1~ -

11ttellt' Meiorial Iui1tittite, coltonls, Ohio; 11. C. CrossVitalhitim orONI? Contractt N.--ori-ll.i r. o. -l ; Llb.ii

llaynes 'M. Wv. Kellogg Cnopany, *Icrgey C'ity, N. J1.; (s. Il. ?des-
Stellite 21 - 25 65 - 6 4-rl -tnl AA F Contract W-3338 3 91~.l~6 ; Rex! rutdd.

4~



_ __ __M A TERIALS

cause perfu, .nanee at room temperature is not a The preparation of metallurgical samples must be
criterion for performance at high temperatures and carefully controlled if test results are to be repro-
because the fundamental data and tclmniques for dueil)le, and in extreme cases results for samples sup-
predicting high temperature performance do not ex- posedly prepared under identical conditions may dif-
ist. The alloys of chromium and of cobalt are usually fer by a factor of 100. In the ease of chromimn-base
of the precipitation hardening variety, in which one alloys. contaimination and chemical action by the air
component of the system forms a phase whose solid are thought to be factors affecting time consistency of
solubility decreases with temperature. A heat treat- test results and the ultimate properties of the alloy.
it ent, consisting of solution heating, quenching, and In order to climinate the effect of the air, Battelle
aging, is required for the development of the best Memorial Institute-" is melting and casting a chro-
properties, and studies of mechanical piroperties as mioum-Iase alloy, chromium 60', molybdenum 25't,
functions of the temlerature history and of fabri- iron 15%, in beryllia or zirconia crucibles in a vac-
eating techniques are important. uum. This alloy was first developed by the Climax

Research projects, tile ultimate objective of whih Molybdenum Corporation for the Army and is beinges e iproed th oultma objective o s, ~hiu further studied by the Union Carbide and Carbon
are being arried on at Battelle Miemorial Institute, Corpoiation. The specimens tested to (late by Bat-

the Polyecarie nttteeM o Institute, telle Memorial Institute have show high tempera-
thellogg Polytechn Massacuse Institute of Br , te .ture properties which are better than those of any

elogg Compnverity. f Masschis ntie iofl Rc- other alloy. Not enough work has been done to show
nology, the University of Michigan, te National Re- whether the techniques which have been developedsearch Corporation, the Na 'al lResearch Laboratory, will resuht in consistent test results.

Ohio State University, Stevens Institute of Technol-

ogy, and various industrial research laboratories. As Iui a third project, Battelle Memorial Institute- is
a result of this program, a better understanding of collecting and presenting in convenient form engi-
the properties of alloys at high temperature and the neering test data on high-temperature alloys, in order
eventual development of allo,-s satisfactory for use to assist the designer of high temperature devices.
at, say, 200001? may be expected. These data include stress-rupture, creep, and fatigue

over a temnl)erature range from 13500 to 16000F in
Battelle Memn,'ial Institute .  r is engaged in a study most cases. Some data are obtained at 18000F. Par-

of the factors winch p~romote high-temperature lrol)- ticular attention has been paid to disc alloys, beeause
erties in alloys of the Vitallium type. Because of tile most of the data readily available are for bar stock.
lack of fundamental data it was first found necessary Tlis work is largely completed for alloys low-carbon
to study the cobalt-chromium phase diagram over the N-155, .- 590. 8-816, and Inonel-X disc form.
whole composition range, with particular emphasis on
establishing the correct boundary lines for the epsi- A study of the chromiun-beryllium system has been
lon-beta transformation and the solubility limit of starto'l at tile Polytechnic Institute of Brooklyn.';
gamma in epsilon. A sample heat-treated to give the Little is known about this system, but it may have

pure epsilon phase, for example, was heated at con- some interest because of the possible high melting
stant teml)erature within the epsilon plus beta field, point or the alloys and possible low specific gravity.
and the apl)earance of the beta phase was studied as t is planned to construct the equilibrium diagram
a function of time by metallographic and X-ray tech- over the whole range of composition from cooling
niques. At 808TC it required 31 (lays to reach equi- curves. Phases will be identified, where necessary,
librium, but for practical purposes a time of 50 hours metallographieally and by X-ray techniques. This
was considered to give conditions sufficiently close to project is in its preliminary phase, attention being
equilibrium. These studies have indicated boundaries conrentated on devising suitable heating techniques.
of the epsilon, beta, and epsilon plus ganua fields A method which looks luromising is to heat the
which are different from those previously reported. sample in an inert atmosl)here in a refractory crucible
After the study of the cobalt-chromium system is surrounded by a carbon ring. Te carbon ring is
complete, the effect of adding the other elements used heated by induction and hence the crucible and the
in Vitallium (singly and together) on the phase rela- sample Ibcome heated.
tions will be investigated. Up to the present, metal,- have rarely been use~d in

r.Battelle Memorial Institute, Columbus, Ohio; II. C. Cross; "Polytevhnic Institute of Brooklyn, Brooklyn, N. Y.; 0, 11.
ONR Contract N5-ori-11l, T.O.-1; Unclnssified. Henry; ONR ('ontrat N6.ori.!l8, T.O.-2; Unclassified.
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continuous service at temiperatures above 1500 0F, metallurgicez; treatments, and the development of su-
although some testing has been carried out at temper- perior alloys 13, 14).
atures up to 1800 0 F. If the useful temperature range Equilibrium ,%,.enis which were investigated in-
of special alloys is to be extended, it is necessary that clu,le cobolt-ehro:;,iin and chroniu-nearbon, in
testing be carried out at higher temperatures, and which it was desired !,, rconcile conflicting diagrams,
the M. W. Kellogg Company has set up a lal)oratory especially as to the wt',,,r of the epsilon-beta transi-
equipl)ed for metallurgical tosting at temperatures tion in high-cobalt alloys, and to verify if possible
up to 2200)F. Machines are available for the fol- the existence of chromium earbide.
lowing tests: tensile strength, creel), stress-rul)ture, Ti'e erratic mechanical l)rol)erties of some alloys
rotary fatigue, tenision fatig , torsion creep), and led to the study of casting variables. It was found
torsion rupture. The, tension fatigue, torsion creep, that both mold aiil metal temperature have ani iiii-
and torsion rupture tests are n(,t conventional tests, portant effect on hot strength anti ductility through
anti preliminary work will be necessary to (letermine their influence oi grain size and carbide spacing. In
what kind of correlatio(, eal be obtained with other
tests and with service reolts. In addition, a biaxial addition, the factors which interfere with soundness

stress-to-rupture test hu.s been developed. T*. this in hot-ivestnent casting were evaluated ad the
e.ffects of" l)orosity oil high teml)eraiture strength IieI.

test the sample is in the fornm of a hollow tube, and

internal pressure can be d.voloped by a gas while the terninel.

saml)le is under tension. TI!,- work oil these special The aging charaeteristics of several high tempera-

tests is in a preliminary stage, amd plami for future ture alloys were investigated. In general, l)recipita-

research will depend on the initial results. tion began to form at 1350°F, was a maximum at
1500-16000P, and resolution of the aging precipitate,

The research program at tihe a. W. Kellogg Coi- along with some of the carbide, gradually occurred
pany7 is just now getting undler way. A survey' of with increasing temperature. Thme precil)itatioln rates

all available data in tile open and mi the classified lit- at tem perature .rni fromi000 t on rate

erature on the properties of high temperature metals also (leterminem.

and alloys has been completed. The first )hase of the

experimental work will be to determine what heat An extensive program of alloy development has

treatment will give the best high temperature proper- continued since the inception of the project. Alloys

ties. Alloys such as low carbon N-155, Ineonel-X. of the N-155 type have been investigated, but the

S-816, and S-588 will be solution treated to give both major effort has been on cobalt-base alloys. A study
fine an] coarse grain. Tunaged samlple,' ol samlpleS of the effects of alloying elements has led to the "J"
aged 48 hours at 15000P and at 1800, P will be alloys, which are stronger than any other reported

agel-cronln 48oy hour ate rangeF and at:350k80illFb
tested in stress-rupture. From this series of tests it colmalt-chroiiim alloys in the range of 1350-180()F.

is hoped to determine what solution and aging treat- At the present time, the elements in small amounts

ment will give maximum properties at 18000'. The which appear to do the most good in the eobalt-lhro-

best of these samples will then be tested in stress- mium-nolybdenun system are manganese (1 or 21,, ).

rupture and rotary fatigue at 1800F, 2000' aud at carbon (up to ), nickel (up to 151/ ), tantalum (up
higher temperatures uip to 2200°F if the materials to 27 ). For 100 hours rupture life at 1500 0 F, this

still show strength at these high temperatures. A alh3 will withstand 35,000 p.s.i.
similar series of tests will be run on aged and uu- The University of Michigan obtained measurements
aged samples of east alloys, v'hich cannot be solution some time ago at 1700°F and 18000P on two pre-

treated. cision east alloys l)repared at Massachusetts Institute
of Technology (30). The samples studied were vari-

The investigation of thle behavior of alloys at high ants of N-155 and Vitalliumn which had particularly
temperatures is the main concern of an investigation 1rood properties, relative to other alloys, at 1600°F.
at the Massachusetts Institute of Technology5 under t
Dr. Nicholas J. Grant. This work includes tile study p si- to 27,0e0psswi., a udrupturesties from 9000

of pertinent binary systems, the results of various psi. to 27,000 p.s.L, and rupture times fron 1 hour
to ti;)0 hours at 17000 and 18001F. The elongation at
brealc varied from 2% to 22% and the reduction in

7 M. W. Kellogg Coniplany, Jersey City, N. J.; 0. 11. Mes- area fr)m 4% to 3717. The variant of N-155, which
serly; AAF Contract W.33.038-ac-13916; Rcstrieted. contained 30% nickel, 2% tantalum, aud 0.9% carbon,

8Massachusetts Institute of Technology, Cambridge, Mass.; showed laeleularly good properties at these tenlpera-
N. J. Grant; BuShips Contract NObs 25391, T.O.-2; Unelassi-
fled. tures. In agreement with modern theory, it was found
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that a plot of Stress vs. log rup~ture tinme represented have been found u-.efuI for gas turbines. Other met-
the data better thlan a plot of lot, strems v's. log rap- als which have the( obvious advantageofahgmet
ture time. ing p~oint have lbeen largely neglectedl because of their

The National Research Corporationi' is Studying cost or r'lrity. Battelle Memorial Institute' 2is inves-
the effects of impurities onl the high teinperat u* tigating these less familiar metals. A p~reliinary
p~hysical p~rop~erties of mietals and alloys. Tile initial Sur~vey of the dlata available in the literature has been
work is concerned with a comparison of the p)hysical mladle, and onl the( basis of melting point alone the fol-
properties obtained by adding coninereial chromium lowing metals are thought to deserve consideration as

to rfrator meals iththoe otaie~l y tit~kl~~lj materials of construction ,titanium, tungsten, tanta-
tion of highly p~urified chromiunm. Trhe techniques him, zienu, molybdenum, boroni, andl colum-

for ~re~arig pre liroijun af~l or nc~tng nd umi (12). The melting point,, of these metals rang~e

templeratures and Strain rates. If any differences iin less steels, often used in high temperature service,

prprisare noted, toe.ehnile estso adniprities

boilto te pre eromum wll e inestgate. sanal exp~erimental p)rogram to develop methods of
using them, either pure or as alloys, in bodies or in

of thle fundamental characteristics of the cobalt-chro- Po~linLbrtr

tomericandX-ry tchnque. Tis rojct as xot stitutt of Technology'-" is engaged in studies of rocket

nozzles miade front Snech metals as molybdenum, tungr-
been active recently because of lack of personnel. stenl, and tantalum. Extuerimental liners of molyb.

denluim SprayedI onl grap~hite andl of molybdenum sheet
Ani investigation of the chronmiumi-titanitun binary have beeni prep~aredl at Massachusetts institute of

alosI&,just begun at Ohio State IUniversity.'"1 eltloy'4

SeesInstitute of Technology' is investigating
podrmetallurgy techniques for making gas tur- :1. TlESTS AT Ilion Tl-:il'EnATtTitEs. At r'oomi tem-

bieblades to op~erate at high rotational speeds5 and lperature, metallic materials are used under conuli-
dyatcstresses at tem peratutres ipl to I1800 ' ill tionls s11(hI that creep usuially may he nueglected. At
oiiigatmospheres. Samles are being made of high temiperatures, however, plastic flow heroies iml-

rep~resentative alloys in the chriomiii-icel--ob~alt, l)ortamlt, and any evaluation of mechanical strenigth
chIromiii-icele-cobalt-iron, an(I chromiuni-molybde- i1iiust include tuneit. C'reep tests, measurinig strain as

nn-rnSystems. Studies of methods of powder a icnt ion of stress, tint( and~ templeratuire ; stross-
prep~aration andl of the( effeets of initial pressing, sin- rupture tests, measuring the time to rup~ture ats at

teigtemperature an(I atmosphere, and coining function of str'ess an(I temperature ; and Short tinte
p~ressures are being carriedl onl. The materials are Yield tests, measuring the stress required to cause it
evaluated by hardness and (density measurements and given lcrulanlent set in a given Short timiic, are fre-
by microstructural an(I diffusion analyses. Stress- quently used. These, however, aire not suffliit to
rup)ture tests ait high temperatures are being made inl (lesrihie the suitability of thle inat(erial for all service
cooperation with Massachusetts Institute of Techinol- cond(itionls. Furthemore, experts (10 not agree oil the
ogy. criiteria to be used because the factors which influ-

enceP the( abiility of at slibstalic' to pterform satisfac-
2. ME'rm.s OF lhau MmErINO POINTS. Most of tile tol y aret koni ullmeia em.Iii

work on high-temiperature metallurgy has been con- Snech timie as more fiudaniental information is avail-
centrit*( on a Small group of special alloys whlichm able, it will be ncessary to (devise special te'sts and(

'2 1311ttelle Mlemorial Institu~te, i~hmbm Ohio-,, 11. C. Cross;
Waioa Research Corporation, Boston 1.5, Mass.; JT. 11. Materials, Fud~s, njl Combuastion Project, Project RAND;

Moore; Army Ordnance Conitra W-19-00 -01 -!046; Vn. Conflidential.
CIO&Nified.I-'Jet Propuli~son Labloratory, California 1nstitnite of Tech.

UIOh jo State' University, Comm lins, Ohio; M. G. F'ontana ; nology, P asadena, CalIiforn ia; L. G. 1 uDit ; A A C~ (ontract
AAF Contract W-33*038*nc 16308 (17278) ; Unclassifim. W-33-038,ne.2200;, Jfedtricld.

tmm8tcvens9 Instituite of Technology, 1IoIhoken, New ,Jersey; "4 Massachumsetts Institute of Technology, CnmIhridge, Mass.;

G. J. Comstock; linShiips Contract NOIbs 45091 ; Jkstricti'd. JT. Wulff; Bu~Ord Contract Norm 91 ; ('onfidential.
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to correlate themi with thle results obtined~( under erties at rooml temperature are- known. If suitable
actual service coniditionis. correlations can hie established, this miachinie mnight be

Ini a rocket power plant, materials reach a high useful in hiigh temperature studies.I tempilerature in a very short time, and no data aire Cornell Aeronautical L~aboratory"'l is also inter-
available onl the behavior of metals under these von- ested inl the life of mletals lit hligh tempilerature finid is
(Iitioiis. Because, of this lack of dala. B~attelle Memo- de-siging and conistruictinig at fatigue macthine which
rial InIstitutet  is deinigai( LcoiiStrltctiig ap- will vibrate at specimen at its natural frequencey while
paratus for at short-t ime high temperature test (4). it is ait high teinperature. lIn iiddition, at high-temper-
Suitab~le experimental arranlgemlenits are being conl- atiire Illetalloscohie is being" developed by mleanls of
sideredl to p~rovidIe for- hieatinig and~ temperature coni- wihiwlliepsbetoxaiieinples inetallo-
trol, strain. measuring and recording, conltrol and grraphically while being Ia ated in at vacuum or in at
measurement of loading, and other instrumentation, controlled atmosphere. 'PTe work ait the( Cornell Aero-
It is hoped that samples canl be heated upl to the final iiauticiuh Laboratory is still ini the relatively early
temperature in four secondls. The templeratulre 1 aiige stages of equlipiment design andl conistruction, although
fromt roomi temperature ump to about 2600O F is to be at few trial iuns )livc- beemn made with the fatigue
covered. The work will lbe concentrated onl sheet mnachline.
metals and w~ill include tests onl comimiercially avail- Trheu dynanmic behavior of at mietal tt highI temipera-
able iagiiesium-base all(l aluminmin-base alloys, car- t ure does imot necessarily correlate with its (lynmaiic
hon and alloy steels, and high temperature alloys suchi behavior ait room temperature iior with its static he-
as I ncomel 1111( Vitallium. It is lproposedl also to dei' havior at high templjeratuire. Evidlence for this has

* velop, fabricate, andl test titanium-, miolybidenum-, beenm found in the failure (If I aconel tensile specimens
tungsten-, and eolumbdiuml-llase alloys. Weldled joints in rutr unider (dyinamic test conditions without any'
and ceramic-coatedI metals will also be -stuiedit(. At oIf the expected elongation. Consequently, the Cornell
the time of writimig, this project wits in the (designi anid Aeronalmutical Laboratory" is und~ertakinig it study (If

construction stage and no results are available. thle chtaracteristics (If mietamls under (dynamic load at
* Certain parts of jet p~ow~er plants are sulbjected to high tempileratumres. A survey oIf the literature showed

periodlie strains, and thme fatigue life at elevated teti- no significant data onl thuis p~rolem. Tensile tests have
* herature, is at prop~erty which may affect the perform- bien run onl specinietns at 270001 F viblratedl at fre-

ance of a inmaterial. Although it is not clear from the quencies from 15(0) to :3~000 cycles per-I mminute. J ~nder
evidlence available at plresent that fatiguie is an mmn- these coiiditiouis it is found that fracture takes p~lace
poi'tant eausto of failure in jet p~ower pllants, except wiithout elongation of the samuple, whereas und~er
perhaps for special parts such as thev valves iii a piulse static condi~itionis conmsiderablle necking-down occurs
jet, it is inmportanlt to investigate miaterials fromt this before rupture. Further investigation of this plie-

Point of view. Equipment has beenPi devisedl, niainly lioiemiomi is p~lannedl.
in indulistrial research laboratories, to measure fatigue Jiaseictstbng ared(ltfrheBea
life of mnetals and alloys at room temiperature and at (If 'Ships at the Engineering Experimenmt Station,
elevated temperatures, an(h recently a large enigine AinplMaynd14GerlEecicB2tbo
manufacturer has dlevelopledl a iiew test which ilp- sup-(r'hrg('i blades are imounlted onl a turbine wheel.
pears to give satisfactory results. The turbinev is ruin ait 1.5,000) r.p.ni. ait temiperatures

The Polytechnic Inistitute ofI Brooklyn" is inter- from 12000 to 1 500" F. The temperature of the turbine
ested in thme fatigue properties ofI metals, finid a mmew blades as calculated from the inlet. gas temiperature,
fatigue test is being stud~ied to dleterimiine if it canl beI by anl enmpirical mlethiod (developled exper'imenitally, is
adlaptedI for use at high temperature. Ini this machine bielieved to lie correct within 200le. At thme plresenut
the specimen (1/t inc'h by / inch by about 5 inc'hes) I imue, blades made from 12 different alloys are being
is clamped at one enul and] the free end is ni'ide to testedl. Trhe nmext run will be imadle ait 150('F1 using
vibrate by the passage of magnets. The sale~t iust Vitalliuii alloys.
he clamped so that Its natu ral frequency is 18,000 Ini roteket motoir designm, the type of' problell of jiu-
vibrations p~er nmiiuite. lPrescnt woIrk consists in anl imediate concernl is the mnaxinmum str'ess at meltal call
analysis of the stresses imm the( samplle and exp~erimienits ____

at room temnperature onl metal whose fatigue prop)- I"CornellI Aeronauitical, I,:iImratory, Buoffalo, N. Y.; L. W,
- ~Smiith; ONH Conitract N(; ori*119I, T.0.4; Une'lams,,q,'.

t.P1olytchie himiOtutu' of Brook lyni, Brooklyn, N. Y. ; 0. 11, I"( 'ortiul A eronaiciial Labiorat ory, BuiiIfulo, N. Y. ; I.. w.
Heunry; ONR ('ontrso't N6 ori 98, Ti.0..2 ; 1;nclass.ifid. Smithli; BijOrd Contrac~t NOil 89913 ; ConflJikil.
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stand undei given conditions of temperature, time of grain boundaries, thus setting up an electrolytic cell.
operation, and naximum permissible strain. The Jet Some alloys are Iartiularly subject to corrosive at-
Propulsion Laboratory at California Institute of tack when under stress, corrosion taking place usually
Technology' s is investigating the properties of metals along the boundaries hut sometimes across tie grain.
from this point of view. The sample is heated to the Very little quantitative work has been done on cor-
desired teml)erature in a furnace, the stres is applied rosion at high temperatures because the chronium
as quickly as possible, and the elongation is recorded alloys are resistant to oxi1ation and the most serious
as ai function of time at constant stress for a maxinimmn failures had nechani(al rather than chemical causes.
of ien minutes. Anmong the alloys being tested arc With the continued improvement of heat resistant al-
Allegheny Ludlumn 46-M (type 501) and 12-W (type loys, studies of corrosion will become nmore important.
418), Universal Cyclops 19-9-l)L, N-155, and Inter- The Alloy Casting Institute, which is an organiza-
national Nickel Inconel-X. tion composed of most of the producers of heat and

A study of static and dynamic creep of high ten. corrosion resistant castings in the United States,
perature al!oys has recently been started at Syracuse spionsors two research )rograms at Battelle Memorial
University. 1

t Equipment is being designed and built, Institute. These have been active for about ten years
and no measurements have yet been made. and provide a considerable reservoir of technical in-

formation, much of which has not yet been published.
4. CORROSION AND EROSION AT lIion TEMPERATURES. Research activities of this organization are frequently

The corrosion and erosion conditions which the mate- outlined and summarized in the Alloy Casting Bul-
rials of construction must withstand in jet l)ower letin 2 0 .
plant service are severe. Th word corrosion is used The High Temperature Research Prograi of the
here in its general sense, referring to deterioration Alloy Casting hstitute has inclued surveys of the

by chemical action, incliding oxidation. The hot exit 12o chroinium-60't nickel, 16% chromium-35ft

gases, which have velocities up to 12,000 feet per see- nickel, aind 25% chroniium-126' nickel heat resistant

ond in a rocket, may mnechanically erode the surfaces alloys, the last two having been covered in consider-
on which they impinge. The atmosl)here may be oxi- able tetail. An intermediate temperature alloy for
dizing in some parts of the motor and reducing in service ul) to 14001F was also developed during the
other parts, and it may even be possible that rapid w More research efforts have covered oxi-i "war.tore enralng sderc fort hange covrdo10
oscillations betwefn oxidizing and reducing condi-
tions take place. The hot chamber walls and nozzle to 220°F, hot gas corrosion resistance in oxidizing
must withstand occasional splashes of liquid fuel or and redtcing flue gases containing a range of sulphur
oxidant, it is not surprising, therefore, that material contents, paek and gas carburizing studies, creel) test-
is removed from a rocket nozzle during the firing. The

ooing, stress-rupture testing, mtallographic studies in
precise inechianisi o h athe broad chromium-nickel-iron feld, and investiga-
troversy. It is usually assumed to be a combination tion of the problem of thermal fatigue. The hot gas
of corrosion and erosion, but the statement has been corrosion program is probably the most extensive that
made that true erosion does not take place with a has yet been undertaken on commercial heat iesistant
pure gas and that the failures which appear to be alloys.
erosion are due to thermal spalling, local melting, or The corrosion esearch program has in-tued some
the presence of solid particles in the gas stream (2).
oageneral survey work on a range of chromnium-nickel-I However, so little is known about the resistance of

materials to the conditions in a jet power plant that iron alloys, a comprehensive prograni relating the
one can only theorize about the causes of failure. composition of the 19(,( chroniium-9% nickel alloysto their perforniance in oxidizing media, an investi-

Metals and alloys are subject not only to general gation of modifications that are somewhat more ma-
corrosion due to chemical action, but also to cor- chinable than the conventional grades, and a general
rosion in the grain boundaries. Intergranular corro- study of the effect of composition on cast 12% chro-
sion occurs because of smiall quantities of a phase of mium steels. A number of other minor subjects have
different eomposition from the parent metal in the also received attention.

18Jet Propulsion Laboratory, California Institute of Tech- Erosion and corrosion are being investigated by two
nology, Pasadena, California; L. 0. Dunn; AAF Contract
W-33-038-ac-20260; Restricted. "'mlnquiries concerning the Alloy Casting Bulletin should be

10Syraeuse University, Syracuse, N. Y.; B. J. Lazan; AAF addressed to Iloward S. Avery, Member Metallurgical Ad
Contract W-33-038-ae-15941; Unclassified. visory Committee, 1'.O. Box 251, Mahwah, New Jersey. A
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different techniques at the Jet Propulsion Laboratory, the breakdown potential o. the film, tile combined
California Institute of Technology. 2 1 The first in- effects of erosion and corrosion, and the formation and
volves the insertion of strips or rods of appropriate properties of the film at elevated temperatures. It
metals in the various sections of the chamber of a was found that the films formed at high temperatures
rocket motor. The metal samples are then subjected exhibit varying protective characteristics depending
to an examination of the extent and nature of the upon the conditions under which they are formed.
erosion. Parallel work is carried on with these metals The mechanism and nature of films or scales formed
in vacuum tubes in the presence of controlled atios- tit high temperatures are being studied.
pheres in order to obtain accurate therinodynamic In another )roject at Ohio State University 2 4 the
information regarding the chemical reactivity. Two intergranular deterioration of 16-25-6 alloy at high
applications of the results of these investigations temperatures is being investigated. This project is
would be the proper choice of nozzle inserts for vai- tust getting started. A literature survey and pre-
ous propellant combinations and the selection of imtinary tests have been made.
thermocouple materials.

A group at Purdue UniversityV'-: under the diec-
A study of the kinetics of reactions of metals with tion of Professor 11. J. Yearian, is investigating the

gases at high temperature has just started at the process of corrosion as affected by the chemical and
Illinois Institute of Tech nology.Y2 It is plmaIlIed to physical properties of the materials and the condi-
determine the orders, mechanisms, and energies of tions of exposure. Work to (late has included a study
activation of the reactions of air, steam, nitrogen, of the oxidation of 18', chromium steel by oxygen at
carbon dioxide, hydrogen, and other suitable gases a pressure of one atmosphere and a temperature of
with metals and alloys used in the construction of 7750C. The oxide film formed is studied by X-ray
missiles. The first phase of the project will involve and electron diffraction techniques. Initial work has
the development of experimental techniques by which indicated that the layer first formed is rich in chro-
the reactions can be followed, l)erhaps by measure- mium oxide an( that the iron atoms diffuse through
ment of the change in pressure which occurs during tile layer more rapidly than the chromium atoms, with
the reaction. the result that the percentage of chromium in tihe

The corrosion resistance of most metals and alloys layer decreases as the oxidatiou proceeds. The rate of
at normal and elevated temperatures is thought to be film formation becomes very small after 20 hours.
due to the formation of a passive film on the surface These same techniques will be used in the future to
of the material. The factors which influence the for- examine the corrosion of lture binary alloys of chro-
nimation, the corrosion resistance, and tihe breakdown iin and( iron and of nickel and iron over a range of
of the passive films are being investigated at Ohio compositions. Work in this field has already been re-

State University. "3 Specimens of stainless steel, with ported by Gulbransen and Iickman (15, 17, 18).
and without molybdenum, are passivated by exposure The opinion has been exl)resse(d that the kind of at-
to an acid (sulfuric, nitric, or chromic) and then to mosphere has little influence on the failure of alloys
air. The passivated specimens are tested for general under stress at high temperatures, and yet there is
corrosion rekistance in sulfuric acid solution and for some evideuce to the contrary. Stanford ltniversity1
pitting corrosion in ferric chloride solution and syn- is investigating the effect of atmosphere and will at-
thetic ocean water. It was found that the degree of tempt to determine the magnitude and cause of
passivation is a function of the length of exposure to the effect if it exists. Rod-shaped specimens, necked

air an tis uggst th posiiliy tatthepasi- down, will be tested inl stress-rupture over a
vating film may be a layer of adsorbed gas. The fact temperature range of 12000 to 1800' F in atims-
that passivity breaks down under vacuum and that pheres of argon, air, ad steam at a pressure oi one
the metal can be repassivated by exposure to air is atmosphere. Th, smallest loads applied will be cal-
strong evidence that adsorbed gas is all important eulated to give a life of about 1000 hours. After rup-
factor. Preliminary work is under way on studies of tur,, the samples will be examined microscopically and

2lIJet Propulsion Laboratory, California bistitute of Tech-
nology, Pasadena, California; L. G. Dunn: AAP Contract 2101ho State University, Columihus, Ohio; M. G. Foatana;

W-33-038-ac-20260; Restricted. AAF Contract W-33-038-ac-16308; Unelassfld.
22 lliynois Institute of Technology, Chicago, Illinois; -. J. -'Purdue University, Lafayette, Indiana; 11. J. Yearian;

MacDonald; ONR Contract N7-onr-329, T'.O.-2; Unclassified. ONR Contract N6.ori-104, T.O.-1 Unclassified.
23

0hio State University, Columbus, Ohio; M. 0. Fontana; '"'Stanford University, Palo Alto, Califoinia; 0. C. Shepurd;
ONR Contract N6-ori.17, T.O..2; Unclassified. ONR Contract N6i-ori.154, T.O.-5 Unclassified.

10

I

~ ... ~~--'- -- - ~ j~47 . -.-- ~..a<-- .v- -



MATERIALS

metallographically to see what changes have taken (e) The investigation of porous elements made by
place at the grain boundaries. The first tests will be laminating corrugated washers, etc., has not been
made on a Timken low-carbon steel whose properties started.
in air at elevated terilerature are known, and later The Jet Propulsion Lal)oratory at California In-
Timken 16.25.6 and Ilastelloy "C" will be investi- stitute of Technology28 has been successful in pro-
gated. In addition, it is l)lanned to study flat strips (ueing porous metals using mixtures of the metal
of Ilastelloy "C" in an electrically heated silica powder and a "blowing agent" such as ammonium
tube funaee in atmospheres of air and steam. bicarbonate (7). The mixture is )ressed in a (lie and

sintered in a suitable atmosphere, usually hydrogen or
5. PoRoUs METALS AND ALLOYS. Il the l)resent de- helium, at a suitable teml)erature depending on the

sign of long-burning-tie liquid rockets, some form metal. Any desired porosity can be produced by this
of cooling is necessary. Ustial'y either the fuel or the method. In addition to porous metals, various porous
oxidizer is circulated around the combustion chamber alloys, such as copper-tin, copper-zinc, copper-beryl.
and nozzle, but l)reliminary work has indicated that lium, nickel-iron, nickel-iron-molybdenum, aluminm-
transpiration cooling, which involves forcing a liquid copper, 18-8 stainless steel, copler-titaniumn, and
or gas through porous walls, offers definite advantages. nickel-copper have been produced. The samples of
If enough cooling can be provided by this means, me- porous materials are tested for tensile strength, and if
tals may be more satisfactory than ceramic materials the stress-strain characteristics appear promising,
because of their greater mechanical strength and re- further tests are run to determine fatigue properties
sistance to thermai shock, and thermal conductivity.

In the investigation of methods of fabricating porous An extensive research program has been undertaken

metals, the following progress has been made at Bat- by the Jet Propulsion Labioratry to study the factors
telle Memorial Institute :.T which influence the properties of the porous materials

(a) In making 1or:s metals by dislhcement cast- which have been prepared. Various pressing tech-
ing, two alloy systems have been investigated-nickel- niques have been investigated in order to develop ways
lismnuth and nickel-cobalt-copper. In the first system of fabricating articles of complicated shapes. The
bisnuinth is the pha.e displaced, and in the seeond sys. powder pressing problem is of interest in that little
ten copper is the displaced phase. The nickel-bismuth is known of the mechanism by which )ressure is trans-
system has been abandoned because a brittle nickel- mitted through the powder. In this connection a spe-
bismuth compound left after disl)lacement of the bis- cial (lie has been constructed to study in detail the
ninth makes the porous structure too fragile. The pressure distrihution along the sides and bottom of
second system is still under investigation, the (lie. The influence of powder grain size on the

(b) Extensive studies of the fabrication of powdez porosity is being investigated by means of a photocell
metal porous ?lements made without applications of scanning device for measuring pore size and distribu-
pressure indicate that satisfactory porous elements tion. 'Thie mechanism of sinteriug is being studied theo-
can be made by this method. It is hoped that large retically and experimentally, in connection with which
porous elements can be nade without the necessity for the changes in thermal expansion and specific heat
hirge hydraulic presses. Investigations of this method which occur during sintering are being measured.
of fabrication are continuing. Professor J. Wulff and his group, working at Mas-

(c) Electrolytic methods of making porous elements 0
li-ve been investigated. These do not show promise sachusetts Institute of T"Chinviogy" have found that

except for thin layers, and metho(Is of plating a por- porous metals with coutrolled permeability can be
ou, layer on )orous materials made y ther methods fabricated by spraying a metal coating onto a rotating

are now being investigated with th. a that the por- mandril. The deposit which is built up consists of
minute spherical masses, the permeability being con-ous plate will allow a more precise control over per- trolled by the distance between the spray gun and tile

meahityandril an the speed of rotation of the mandril The
(d) Vapor-blasting methods have been abandoned a il s he ted in te mndre tcoated mandil shae nasial topeeas unsuitable for this purpose because the pore sizes

that can be made by this method are nmuch too large. Ls.Tct P'ropulsioni Lahoratory, California Institute of Techl-
nology, Pasadena, California; L. 0. Dunn; AAF Contract
W-33-038-a,!.20260; Resticled.27Battellp Memorial Institute, Columbus, Ohio; II. C. Cross,

Materials, Fuels, and combustion Project; Project RAND; 2 0Massachusetts Institute of Technology, Cambridge, Mass.;
Confldential. J. Wulff; BuOrd Contract NOrd J661; Confidential.
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the proper temperature and for the proper time to give have been ver " satisfactory, a density of 98.% of

the desired strength and permeability. The inandrll the theoretical having been obtained with an 80-20
can then be knocked out and the porous body is ready nickel-chromium alloy. However, stress rupture tests
for use. It appears that this method can be used for at high temperatures have not been made because it
any metal. For example, a sample of Vitallitin with has not yet been possible to make large enough sam-
15% permeability has been fabricated. pies. In this electric resistance sintering process, the

The Aerojet Engineering Corporation haes made magnitude of the current and the pressure, and the
some preliminary tests on porous bronze, tungsten, timte of flow of the current, can he accurately con-

molybdenum, stainless steel, and Ilaynes Stellite 21 trolled. Pressures of 2. 5, 10, 20, and 30 tons per
obtained from commercial sources (35). square ineli have been applied, and it has been found

thlt a pressure of 5 tons per square inch gives as
6. FABRICATINa TECHNIQUEq. A numler of iniscel- good results, so far as density is concerned, as the

laneous fabricating techniques have been studied which higher pressures. There seents to be it definite corre-
may be of interest in connection with this survey of the lation betweeln tile structure of the material and the
work on metals and alloys, electric power input. This work is being continued,

Considerable difficulty has been experienced in weld- and a study of the density, hardnems, and mnierostruc-

ing the new alloys which have been developed for high ture of the final material an( an investigation of th

temperature service. Battelle Memorial Institute:  difTusion of the constituents will be made.

has been making a fundamental investigation (f the The Ryan Aeronautical Company has developed a
causes of cracking in welds and adjacent parent metal, nickel base brazing alloy for stainless steels. The
Welding properties as a function of wheel composition, brazing is carried out at 20000F. After brazing, melt-
bucket conm)osition, and electrode coml)osition were in- ing takes place only at 22001F and the shear strength
vestigated. Four types of defect were found-. (a) of the bond may be as high as 4000 l)ounds per square
mnicrofissures in the weld metal; (6) fusion line inch at 20001 F. The alloy is austenitic in structure
cracking; (e) intergranular cracking in the heated and is useful for brazing the higher austenitic alloys.
zone; and (d) interbueket notch extension cracking. Another development by the Ryan Aeronautical Com-
The last type of failure was found to be tie most seri- pany which may be of interest is an acid bath which
ous. The investigation is continuing, will take the oxide film off lneonel in 20 minutes at

A simple technique for the rapid hot compacting of room temperature.

a metal powder is being investigated at the Polytechnic
Institute of Brooklyn'm . The metal powder is first 7. LIGHT MITAL ALLoys. The strength of the present
compacted lightly when cold. It is placed in a fur- alloys of aluminum and of magnesium decreases quite
nace and heated to the desired temperature, and is markedly wihen the tem)eratureexceeds 4000F. Henee

then transferred quickly to a col (lie, where it is these alloys may be expected to have only a limited ap-
immediately compacted by the impact of a weight fall- plieation to liquid rocket and pulse jet power plants,
ing onto the plunger. The experimental techniques although some of them have been used in short-

are just being worked out. Initial work will be on burning-time solid-propellant rockets. It may be of
copper and iron powder, and this will later be ex- interest, however, to review briefly some of the work
tended to more refractory metals if the results justify on the magnesium alloys which appear to be better
further efforts. than other light alloys at 6000F.

An interesting powder-metallurgy technique for The cast magnesium alloy CM-62, magnesium 92%,
fabricating heat resistant alloy is being developed at cerimn 6/,, manganese 21,, is of particular interest
Rensselaer Polytechnic Inst', te.: 2 The powdered because its properties at room temperature are worse,
metal is first pressed green at 50 tons per square inch and at 6000F are better, than those of other inag-
and is then inserted in a die with a ceramic liner. All nesiun. and aluminum-base alloys. Battelle Memorial
electric current is sent through the sample while the Institute3 3 has studied this alloy with the object of
sample is under pressure. Tie results obtained to (late improving the creep strength of light alloys. Creel)alit]d teiisile streaglhs at 6000 F were me'asulred and

3OBattelle Memorial Institute, Columbus, Ohio; if. C. Cross; telO o trngg ai 6 ize e maurgrans

ONB Contract NSiori-l1l, T.O.-1; Unclassified. methods of controlling g'ain size to give small grains
3lPolytechnic Institute of Brooklyn, Brooklyn, N. Y.; 0. I. were investigated. Modifications in composition of the

Henry; ONR Contract N6-ori-98, T.O,-2; Unclassificd.
32Rensselaer Polytechnic Institute, Troy, N. Y.; W. P. liens; ::1liattelle Memorial Institute, Columbus, Ohio; C. II. Lorig;

BuShips Contract NObs 31493; Restricted. AAF Contract W-33-038.ac-7202; Unclassifled.
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alloy were considered in an endeavor to obtain better properties of wrought magnesium-base alloys at ele-
room-temperature and elevated-temperature proper- vated temperatures for the National Advisory Corn-
ties. The effect of melting and casting the alloy in mittee for Aeronautics. An investigation is being con-
inert atmospheres was also studied. ducted on the magnesium-cerium alloys in an endeavor

A careful comparison of creep properties of the to improve the existing compositions. Iligh-tempera-
coarse- and fine-grained CM-62 alloy was made, and ture testing of existing forging alloys to obtain data
it was found that the fine-grained material is at least on their creep and tensile properties is now in progress.
as resistant to creep as the coarse.grained nmterial. In addition, new alloy compositions which are essen-
Grain-refinement methods were investigated, and it tially modifications of the magnesium-cerium alloys are
was found that zirconium was quite -effective. With being investigated in order to improve the high-tern.
additions of only a few hundredths of a per cent of perature properties, particularly above 400°F. As
zirconium, the grain size at a pouring temperature of compared with cast magnesium-cerium alloys, the
1400O F is reduced from approximately 0.2 inch to wrought alloys of the same type have twice the room-
0.02 inch. This grain refinement is accompanied by temperature properties, equivalent tensile properties
an increase in room-temperature tensile strength from at 6000F, but creep rates that are 200 times those
an average of 14,000 pounds per square inch to ap- of the cast alloys in the standard test of 150 hours
proximately 18,000 pounds per square inch. at 600'F with a load of 2,500 pounds per square inch.

In addition to zirconium, other elements were added The importance of improving the creep resistance of
to the magnesium-cerium alloys in an attempt to ir- the wrought alloys is, therefore, apparent.
prove the creep and tensile strengths at 600 1F. Most Progress has been made in determining the optimum
of the elements investigated had a very adverse ,ffect temperature and speed for extruding the magnesium-
upon the ereep rate under the conditions of a test for cerium alloys. The proper base composition has like-
150-500 hours at 6000F with a load of 2,500 pounds wise been established and the optimum heat treatment
per square inch. It was found, however, that cad- has been determined. A large number of experimen-
mium, beryllium, and barium added se)arately to tal compositions have been prepared and tested for ten-
CM-62 alloy reduced the creep rate under conditions sile properties at room temperature and at 600'F.
of the test. The optinum amounts of these elements Creep testing of the experimental alloys has only re-
?or best creep properties have not been established. cently been under way.

A melting technique for the magnesium-cerium al- B. Ceramics
loys was developed which was the advantage over the In the last few years an extensive research program
previous methods employing salt fluxei in that higher has been organized to study the properties of ceramic
metal recoveries are obtained and flux inclusions materials at high temperatures and to develop them
avoided. The metal is melted in dry nitrogen in a for use in jet power plants. In effect this investigation
pot having a closely fitted cover. Provision is made opened a completely new field. Previous work on
to hold the metal quietly in the pot before pouring, the high-temperature properties of ceramics bad been

to provide opportunity for heavy nonmetallic particles concentrated on the properties of interest in cennec-
which form (luring melting to settle to the bottom. tion with their principal use in the construction of

While the above project terminated March 1, 1947, furnaces. The melting point, compressive strength,
arrangements have been made to continue the develop- thermal expansion, thermal conductivity, permeabil-
ment of the cast magnesium-ceriuni alloys starting ity, and electrical resistance of the conventional cera-
July 1, 1947, under the sponsorship of Navy Depart- mic materials were known, but only a few scattered
ment, Bureau of Aeronautics. The object will be to measurements had been made at elevated temperatures
study the magnesium-cerium alloys to which have been of creep, tensile strength, modulus of rupture by bend-
added combinations of elements which were previously ing, torsion behavior, and thermal shock resistance-
found to have the most beneficial effect on high-tem- the properties of particular interest in connection with
perature properties. Optimum compositions for best jet power plants. As a result the program had to
creep and high-temperature tensile properties will be start with the design of testing apparatus, the empiri-
sought. The additions for optimum effects appear to cal evaluation of ceramic materials in terms of the
be relatively critical, and an endeavor will be made to new requirements, and the investigation of ceramic
establish limits for such elements as zirconium, cad- formulations making ise of the less common but more
mium, beryllium, and barium, refractory minerals such as zirconia, zircon, thoria,

Battelle Memorial Institute is also investigating the ceria, and beryllia.
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The conventional ceramic material is made from 1. SURVys. A continuing survey is being carried on
naturally-occurring minerals, which are mainly con- by Battelle Memorial Institute34 in the field of cera-
plex silicates, metallic oxides, or mixtures of the two. mic materials of construction for supersonic vehicles.
Chemical analyses of the minerals most commonly used Progress is briefly indicated in quarterly reports (32),
show high percentages of water and of one or more and topical reports will be prepared to present the

of the oxides of aluminum, silicon, magnesium, chron- complete results of the survey.
iumn, calcium or iron, and very low percentages of Pennsylvania State (ollege ' a has made a literature
other compounds. When the material is fired, water is survey of the properties of the oxides of aluminum,
lost, and chemical reactions antd phase changes take beryllium, calcium, cerium, chromium, magnesium,
place, resulting in crystal phases bonded by a glassy silicon, thorium, titanium, aud zirconium. It appears
phase. The crystal phases may be, as in the ease of that the thermal expansions of the crystalline forms
metals, chemical compounds, solid solutions, or inter- of these oxides are larger than desirable for use in a
mediate phases of variable composition. In general material to resist thermal shock, but that the fused
the structures of the phases which may be present and amorphous forms of zircon and zirconia may be
the changes which occur on heating a pure mineral suitable.
have been worked out by the mineralogist and crystal-
lographer. The phase diagrams, showing the phases A symposium on if h Temperature Ceramics for
present at equilibrium as a function of composition Gas Tirbines. Jets, and Rockets, sponsored jointly by

and of temperature, have been established for many the Office of Naval Research and the Bureau of Aero-
but not all of the systems of interest. The crystal nautics of the Navy Department and the Air Mate-

chemist has learned a great deal about the ionic re- rid Command of the Army Air Forces, was held at

placements which may take place in ionic crystals and the National Academy of Sciences, Washington, D. C.,

about the growth or crystals. Hence the changes that on February 25 and 26, 1947. The minutes of this

occur on firing a ceramic composition are understood symposium (2) give a discussion of requirements for

in many cases, and the chemical composition and struc- ceramic materials and a review of the ceramics re-

ture of the resulting product are known or can be de- search program.

termined by standard techniques. Details concerning
ceramic compositions and properties and references to 2. STUDINS OF THE PROPERTIES OF CERAMIC MATE-

the literature may be found in reference 27 and a RIALS, Studies made during the war have indicated
general discussion of important fields of investigation that refractory bodies with high thermal shock re-
in reference 24. sistance and high tensile strength can be made from
The high-temperature properties of the standard mixtures of ceramic and metal powders. The funda-

ceramic materials are limited by the softening of the mental behavior of such systems is being studied at
glassy phase which occurs over a range of tempera- Alfred University. 0 Pressed briquettes of the cera-
tures noticeably below the melting point of the crystal- mic powder, the metal powder, and the mixture will be
line phase. To improve the high-temperature proper- heated in atmospheres of air, nitrogen. and helium,
ties, a more refractory bonding phase must be devised; and the chemical and physical changes which occur
and metals, ceramic crystalline phases, and high melt- will be followed. In addition the pressed ceramic pow-
ing point glasses have been suggested. This is a new der will be heated in contact with tb? pressed metal
line of investigation for ceramics, and the fields of re- powder in order to study the phenomena which occur
search which are important are the same as for metals. at the interface. This work is still in its early stages,
Tihe properties of the material will depend on the due to the delay in delivery of needed apparatus.
amount and physical and chemical properties of the Initially a briquette of cobalt powder was pressed
phases and on the number, size, shape, orientation, and into contact with a briquette of alumina, and the con-
distribution of the crystals. In order to obtain the bination heated at 13500C. The sample is to be ex-
fundamental knowledge on which to base a logical amined by microscope, X-ray, and spectrograph at
development program, each of theso factors must be
studied and correlated with physical properties at :l4Battelle Memorial Institute, Columbus, Ohio; H. C. Cross;
high temperatures, phase diagrams must be estab- Materials, Fuels, and Combustion Project; Project RAND;
lished, chemical reactions and phase changes in the

35Pennsylvania State College. State College, Pennsylvania;
solid state must be studied as functions of temperature E. C. Henry; AAF Contract W-33-038-ac.13506; Unclassifled.
and time, and the nature of the bonding forces must be 3OAlfred University, Alfred, N. Y.; V. D. Frechette; ONR
investigated. Contract N6-ori-143, T.O.-1; Unelassifed.
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The conventional ceramic material is made from 1. SIrIvEYs. A continuing survey is being carried on
naturally-occurring minerals, which are mainly con- by Battelle Memorial Institute"4 in the field of cera-
plex silicates, metallic oxides, or mixtures of the two. mic materials of construction for supersonic vehicles.
Chemical analyses of the minerals most commonly used Progress is briefly indicated in quarterly reports (32),
show high percentages of water and of one or more and topical reports will he prepared to present the
of the oxides of aluminum, silicon, magnesium, chron- complete results of the survey.
im, calcium or iron, and very low percentages of lennsylvania State ('ollege ": has made a literature
other compounds. When the material is fired, water is survey of the properties of the oxides of alminum,
lost, and chemical reactions and phase changes take beryllium, calcium, cerium, chromium. magnesium,
place, resulting in crystal phases bonded by a glassy silicon, thorium, titanium, and zirconium. It appears
phase. The crystal phases may be, as in the case of that the thermal expansions of the crystalline forms
metals, chemical compounds, solid solutions, or inter- of these oxides are larger than desirable for use in a
mediate phases of variable composition. In general material to resist thermal shock, but that the fused
the structures of the phases which may be present and amorphous forms of zircon and zirconia may he
the changes which occur on heating a pure mineral suitable.
have been worked out by the mineralogist and crystal-
lographer. The phase diagrams, showing the phases A symposimn on J iets Tdeomperatm e Ceramics for
present at equilibrium as a function of composition Gas Turbines. Jets, ant Rockets, sponsored jointly by
and of temperature, have been established for many the Office of Naval Research anl the Bureau of Aero-

but not all of the systems of interest. The crystal nautics of the Navy Department and the Air Mate-

chemist has learned a great deal about the ionic re- net Command of the Army Air Forces, was held at

placements which may take place in ionic crystals and the National Academy of Sciences, Washington, D. C.,

about the growth of crystals. Ilence the changes that on February 25 and 26, 1947. The minutes of this

occur on firing a ceramic composition are understood symposium (2) give a discussion of requirements for

in many cases, and the chemical composition and struc- ceramic materials and a review of tme ceramics re-

ture of the resulting product are known or can be de- search program.
termined by standard techniques. Details concerning
ceramic compositions anti properties and references to 2. STUDIP.S OF THE PROPERTIES OF CERAMIC MATE-

the literature may be found in reference 27 and a RIALS. Studies made during the war have indicated
general diseussion of important fields of investigation that refractory bodies with high thermal shock re-
in reference 24. sistance and high tensile strength call be made from

The high-temperature properties of the standard mixtures of ceramic and metal powders. The funda-

ceramic materials are limited by the softening of the mental behavior of such systems is being studied at
glassy phase which occurs over a range of tempera- Alfred University. a Pressed briquettes of the cera-
tures noticeably below the melting point of the crystal- ii powder, the metal powder, and the mixture will be

line phase. To improve the high-temperature proper- heated in atmospheres of air, nitrogen, and helium,
ties, a more refractory bonding phase must be devised; and the chemical and physical changes which occur
and metals, ceramic crystalline phases, and high melt- will be followed. In addition the pressed ceramic pow-
ing point glasses have been suggested. This is a new der will be heated in contact with tbi pressed metal
line of investigation for ceramics, and the fields of re- powder in order to study the phenomena which occur
search which are important are the same as for metals, at the interface. This work is still in its early stages,
The properties of the material will depend oil the due to the delay in delivery of needed apparatus.
amount and physical and chemical properties of the Initially a briquette of cobalt powder was pressed
phases and on the number, size, shape, orientation, and into contact with a briquette of alumina, and the corn-
distribution of the crystals. In order to obtain the bination heated at 13500C. The sample is to be ex-
fundamental knowledge on which to base a logical amined by microscope, X-ray, and spectrograph at
development program, each of thesp factors must be
studied and correlated with physical properties at 34Battelle Memorial Institute, Columbus, Ohio; 1H. C. Cross;

high temperatures, phase diagrams must be estab- Materials, Fuels, and Combustion Project; Project RAND;

lished, chemical reactions and phase changes in the
saPennsylvania State College. State College, Pennsylvonia;solid state must be studied as functions of temperature E. C. Henry; AAF Contract W.33-038.ac-13506; Unclassified.

and time, and the nature of the bonding forces must be 3"Alfred University, Alfred, N. Y.; V. D. Frechette; ONR
investigated. Contract NO-ori-143, T.O.-1; Unclassified.
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importance because completely crystalline materials using finer powders and just enough metal to coat
should be serviceable all the way up to the melting each alumina grain with a molecular film. It is planned
point, whereas many common ceramics which depend to carry out work along these lines in the near future.
on a glassy bond for their strength soften over a range At Pennsylvania State College, 4 3 ceramic bodies
of temperatures. It is planned to continue the preyi- have been made of the following combinatiusis: beryl

Lous work and to extend it to new binary and ternary mi d refractory clay, magnesium oxide bonded with
combinations. The determination of the phase rela- the hydroxides and phosphates of cerium and zir-
tions of the ternary system magnesium oxide-beryllium coniun, zircon and beryl, tin oxide a :1 beryl, and
oxide-zirconium oxide will be completed, and then a zircomium phosphate and beryl. The effects of time
study of the system beryllium oxide-magnesium oxide- and temperature of firing and of composition are de-
thorium oxide will be undertaken. For details of the termined. Porosity, water absorption, and bulk spe-
techniques used and measurements made, see reference cifie gravity of the specimens are measured. Tests

are made for heat shock resistance. Tests on these
In another project at the National Bureau of Stand- bodies were not complete at the time of writing, but

ards, ceramic bodies composed of refractory oxides the preliminary work has indicated that beryl-clay
have been tested extensively over a temperature range and beryl-zireon bodies can be used as heat shock re-
up to 1800OF (10). Four of the six bodies which ap- sistant materials over the temperature interval from
peared most promising were composed of varying per- 15000F to room temperature. In addition, a study is
centages of the oxides of magnesium, beryllium, and being made 4 of the following oxide systems .' thorium
zirconium. The other two were composed largely of oxide-thorium pyrophosphate; thorium oxide-crom-
beryllium oxide, one with small percentages of the ium oxide; thorium oxide-silicon oxide; thorium oxide-
oxides of calcium, aluminum, and zirconium, and the tin oxide; zirconium oxide-titanium oxide; and the
other with small percentages of the oxides of titanium, compound A12 03 .TiO2 .
aluminum, and thorium. The following tests were
made on these materials: modulus of rupture in bend- 3. CERAMic LiNERS, Comnus'roN TUBES, AND
ing, thermal shock, short-time tensile, and creep. Par- BLADES. A group at Battelle Memorial Institute3

ticular emphasis was placed on the creep tests because is investigating the application of ceramic materials to
resistance to creep is important for turbine applica. the construction of rocket liners and nozzles. Both
tions. The best sample could withstand a tensile stress properties of the materials and methods of fabrication
of 15,000 pounds per square inch at 1700OF with a are considered. The program will involve oxides, cera-
creep of less than 1 X 10-6 inches per inch per hour. mic-metal powder mixtures, carbon or carbonaceous
This work gave indications that the stress-temperature materials with or witbout metal powder additions, and
history of a sample is important in determining the ceramic materials Impregnated with metal, mixtures
creep properties. of oxides, and materials which decompose endothermi-

Metal-bonded ceramic bodies, which previous work cally at high temperatures to produce refractory sub-
has shown to have good high temperature properties, stances. The present emphasis is on the use of oxides,
are being studied at Ohio State ITniversity,12 under on the use of graphite, and on means of protecting
the general supervision of Dr. G. A. Bole. A mixture graphite from oxidation.
of powdered alumina, 325 mesh and finer, and pow- A study of ceramic liners for liquid propellant
dered chromium is formed under pressure and sint ,red rockets is under way at the Jet Propulsion Labora-
at 28500 F in an atmosphere of argon and hydrogen. tory, California Institute of Technology."' Initial
The range of composition from 10% chromium to 70% tests are being confined to acid-aniline motors, but it
chromium by weight has been examined, and good is planned to extend the tests to hydrogen peroxide
propertit% appear to be given by a composition of
about 3% chromium. A ceramic containing 30% 45Pennsylvania State College, State College, Penna.; E. C.
chromium and 70% alumina has a water absorption Henry; AAF Contract No. W.33:038-ac-13506; Unclassified.
of 0.5%, a Rockwell "C" hardness of 55, a modulus 44Pennsylvania State College, State College, Penna.; E. C.

at , ,oo m temperatureof 33,600 p i.,and a Henry; AAF Contract W-33.038.nc-16374 (17284) (a continua-
modulus of rupture at 24000F of 12,500 p.s.i. It is .on of W-33-038-ac-13506); Utwmdaaified.

4 51Battelle Memorial Institute, Columbus, Ohio; C. R. Austin;believed that the greatest strength will be obtained by AAC Contract W-33-038.ac-14320; Unclassified.
48Jet Propulsion Laboratory, California Institute of Tech-42 Ohio State University, Columbus, Ohio; 0. A. Bole; AAF nology, Pasadena, California; L. G. Dunn; AAF Contract

Contract W-33.038-ac-14217; Unclassified. W-33*038-ac.20260; Restricted.
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and nitromethane units. Attempts are being made to vestigated, and hot pressing appears to be a promising

correlate the endurance and insulating qualities of the fabrication technique. Bodies which will stand thermal

liners with such parameters as composition, melting shock at 26001F have been found to fail at lower

point, thermal conductivity, thermal expansion, and temperatures due to mechanical shock. The emphasis

tensile strength. The study has included bodies made of this work is on the application of ceramic materials

from alumina, zirconia, beryllia, thoria, and zirconia- to turbine blades.

silica. In the case of the use of zirconia, a basic ques- Ohio State University 49 is interested in the evalua-

tion is the effect of the transformation of the ordinary tion of liners by use tests. Rockcz liners have been

monoclinic form to the tetragonal at 18000F, accom- prepared from alumina, beryllia, magnesia, zirconia,

panied by a discontinuity in thermal expansion. The spinel, and zircon, some of them in the laboratory and

cubic form is stable at all temperatures up to the some by commercial producers of refractories. It is
melting point. Further study of these phenomena is planned to test these in nitric acid-aniline and hydro-

felt to be necessary to guide further development work. gen-oxygen rocket motors. Another type of liner to be

At the University of Illinois, 4 7 considerable atten- tested is a graphite liner coated inside with silicon

tion has been given to the fabrication of combustion carbide prepared by the Carborundum Company. The

tubes and testing them for resistance to thermal coat was applied by heating the graphite in an inert

shock. Combustion tubes have been made by ramming, atmosphere in the presence of powdered silicon, allow-

solid casting, and pressure casting from materials like ing the latter to evaporate and then condense on the

fireclay grog, calcined flint clay, zirconia, zircon, alum. carbon to form silicon carbide. In addition the Car-

ina, and silicon carbide, bonded with calcium alumi- borundum Company has also submitted a metal-

nate, alundum cement, nepheline syenite, talc, ben- bonded silicon carbide liner for test.

tonite, zirconium hydrate, clay, feldspar, and other A type of liner which appears to show particular
materials. These tubes showed promise of usefulness for promise is constructed of a refractory material on a

temperatures not exceeding 25000F. It is planned to coarse wire screen. Ohio State University has pre-

study similar tubes made of more refractory mate- pared a liner of this type, using a nickel-chrome alloy
rials, particularly oxides. In addition, slip-cast tubes screen with mullite cement. The overall thickness of

of silicon carbide with feldspar, zircon; cobalt oxide, the wall was 3 , inches and the diameter was 6 in-

and chromium oxide have been tested for resistance ches. This liner gave satisfactory service at 18000F
to thermal shock. The tubes containing the metallic for 150 hours. Furthermore, 50 cycles of heating to

oxides withstood five cycles of heating to about 20000 F 18000F and cooling down to 200 0 F, using five min-
and cooling to room temperature and were the most utes to heat and three minutes to cool, did not crack
promising of the compositions investigated. Slip-cast the liner.

tubes of other materials will be investigated.

The spray coating of rocket liners appears to offer 4. CERAMIC COATINGS. Ceramii coatings have been

advantages in the construction of jet power plants, developed recently to serve several purposes in the

and the practical application of this techniqUL is be- construction of jet power plants. An increase in the

ing investigated at Massachueetts Institut3 of Tech- thermal insulating power of the construction mate-

nology, 48 under the direction of Professor J. Wulff. rials cuts down the heat loss and increases the effi-

Liners will be constructed from a molybdenum mesh ciency. A refractory coating is known to increase the

base, sprayed with refractory metals, ceramics, or a high-temperature life of a base metal, probably be-

mixture of both, and from graphite with the surface cause of protection against oxidation and other corro-

protected by a sprayed coat of metal or ceramics. sion, although some reduction in the temperature of the

These liners will be tested in actual use. base metal has been observed. Radiation from a motor

Studies of methods of fabricating ceramic bodies and can be diminished by the use of suitable coatings. The

of resistance to thermal shock are being carried out at success already achieved with ceramic coatings has

the Flight Propulsion Research Laboratory of the made it desirable to continue a research program along

National Advisory Committee for Aeronautics. High these lines. The main problem is to develop formula-

beryllia, zirconia, and alumina bodies are being in- tions with thc desired propcrtics which will show satis.
factory adherence to metals and alloys and resist-

47University of Illinois, Champaign, Illinois; D. G. Ben- ance to thermal shock.
nett; AAF Contract W-33-038-ac-14520; Unclassified.

4@Masaehusetts Institute of Technology, Cambridge, Massa- 49Ohio State University, Columbus, Ohio; G. A. Bole; AAF
ehusette; J. Wulff; BuOrd Contract NOrd 9661; Confidential. Contract W-33-038-ac-14217; Uclaaaiflcd.
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Work was instituted at Battelle Memorial Insti- conditions. Any change in these factors necessitates
tute5s during April 1947 on the development and a corresponding change in coating formulat.
evaluation of coatings resistant to high temperatures The University of Illinois has had considerable cu-
which might be used to protect or to insulate the skins less in the development of thermal insulating and
of supersonic vehicles during high-velocity flight radiation suppressive coatings. A base-coat top-coat
through the atmosphere. combination was used, and it was found that a top.

Materials and methods for coating sheet metal with coat thickness of 4 to 5 mils was resistant to thermal
air-setting refractories are being studied at the Cor- shock, while a thickness of 10 to 14 mils was better

nell Aeronautical Laboratory,"1 and considerable sue- for insulating properties. Zirconia, magnesia, or Uver-

cess has been achieved in prolonging the useful life of ite, as ingredients of the top-coat, were helpful in
the material at high temperatures. The most successful suppressing radiation. Ceramic paints have also shown

coating developed to date consists of a primary coat of promise in suppressing radiation and reducing tem-

Johns Manville refractory #20, approximately 0.0006 perature. One successful paint is composed of Uverite
inches thick, sprayed on shot-blasted metal, followed 90 parts, white mica 10 parts, sodium silicate 46.8

by successive coats of Hiloset cement to a thickness of parts, and water 36 parts. Work on these paints is

approximately 0.020 inches. Under given test condi- to be extended to include studies of other promising

tions this coating lowered the metal temperature from ingredients.
100 0 F to 2001F in the temperature range above In work at the M. W. Kellogg Company" it is
2000 0F. In another test, coated stainless steel with- hoped to improve the properties of graphite and of
stood for 90 seconds an oxy-gas torch flame that would stainless steel by a surface coating of refractory oxides
cut a 1-inch hole in 0.042 inch thick sheet steel in less such as alumina, zirconia, and thoria, using small
than one second. In general it has been found that amounts of metals as a binder. It has been found that
rapid heating will cause blistering if the total thick- powder can be sprayed with a "powder-weld gun",
ness is too great. Blistering occurs during drying if using an oxyacetylene flame with a gas envelope to
the individual coats are too thick. During this work keep the powder from oxidizing. This work is in the
many commercially available materials have been early stages. The strength of the bond will be tested
tested, among them porous metal aluminum sprayed by bending in the case of the coatings on metals, and
on by the metallizing process. A sprayed aluminum by a thermal shock test in the case of coatings on
coat, whose surface oxidized readily, proved to be a ceramics. The relative efficacy of the various coatings
good insulator; but cost, disintegrating effect on the will be determined by observing the behavior of sam-
steel, and poor bonding made it unsatisfactory in ples placed in the exhaust gases from a rocket motor.
practice. Tests have shown that ceramic coated high tempera-

Ceramic coatings of various kinds have been studied ture metals have a longer life than the base metal alone

extensively at the University of Illinois,52 under the under high temperature conditions, perhaps because

supervision of Prof. D. G. Bennett. In this study tem- of protection against corrosion. This problem is be-

perature-resistant ceramic base coats have been devel- ing investigated at the National Bureau of Standards,

oped for metals such as steels, stainless steels, Vital- by Dr. W, H. Harrison who is particularly interested

lium, Inconel, and others. In general the frits have in developing suitable enamels and in studying meth-

been variants c. standard frits and different refrac- ods of application (16). Variations of typical com-
tory substances have been used for mill additions. mercial frits with mill additions of refractory oxides

Various firing cycles and methods of preparing the have been found promising. The thickness of the

metal surface have been studied. As a result of this coats used varies from 1 mil to more than 10 mils. In

work it was concluded that a coating must be especially some cases it has been found necessary to fire the

formulated to fit and adhere to the particular metal enamels in a controlled atmosphere to prevent oxida-

to be used and to withstand the specified operating tion of the base metal. Future work will involve the
development of coatings for molybdenum alloys.

IA coating of a mixture of aluminum oxide andrMflatt~llc Memorial Institute, C~o:hmbu . nThIQI H. ¢'. coimslcaehsbe fudb h NvlOdac

Materials, Fuels, and Combustion Project; Project RAND; sodium silicate has been found by the Naval Ordnance
Cojifdei. Test Station at Inyokern to be effective in reducing

51ornell Aeronautical Laboratory, Buffalo, N. Y.; J. L. the wall temperature of solid rockets. The coating,
Beal; BuOrd Contract NOrd 8993; Confldestial.

"Univeruity of Illinois, Champaign, Illinois; D. 0. Ben- 58M. W. Kellogg Company, Jersey City, N. J.; G. H. Mes.
nett; AAF Contract W-33.088-ac-14520; isielas#afled. serly; AAF Contract W-83.038-ac-13916; Bestricted.
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0.020 inches thick, is sprayed on the liner and baked work on powder metal bases and metal-bonded oxides,
at a moderately low temperature. Under certain test using a series of intermediate mixes of graded corn-
conditions the coating on the inside reduced the tern- positions in order to get better adhesion to the metal
perature of the outside of a solid rocket chamber from base and to get better thermal shock resistance
900OF to 5001F. Of course the wall conditions in a throughout the structure.
solid rocket motor are nuch less severe than those for
a liquid rocket or pulse-jet motor, but the above tech. 5. MIETHODS OF MEASURING PHYSICAL PROPERTIES.

nique might be useful to protect special parts which The development of methods for making measurements
are not subjected to extremely high temperatures. at high temperatures and of tests satisfactory for

A ceramic coating consisting of silicon carbide evaluating refractory materials are major problems

bonded with metallic cobalt, has been studied at Ohio in the field of ceramics research. Only a few quantita.
State University.54 After the coating has been applied tive measurements have been made above 25000F, and
to the metal base, it is either sintered in a controlled the proper development of ceramic material requires
atmosphere furnace or "fired on" by using a "pow- the extension of test methods to much higher tempera-
der-weld gun." This coat has been tested on iron and tures. The engineer needs test data from which he

Inconel. In the case of iron.samples the base metal can design with confidence, and the laboratory worker
had swelled and crumbled beneath the coating after would like to have simple tests by which he can dis-
16 to 17 hours at 18000F, although the coating itself tinguish satisfactory from unsatisfactory materials.
was in fairly good condition. For Inconel, the coating It is usually assumed that measurements of mnechani-
offered complete protection for 50 hours at 1850 0 F. cal strength, creep, and resistance to thermal shock

Longer tests have not been made. as functions of temperature describe a ceramic mate-
rial adequately for many practical purposes; but dif-

Three base coats of enamel type for Inconel which fentlbroisdootawygveheaere-~ferent laboratories do not always give the same rela-
can be applied in a Globar furnace at 22000°F, 23000 F, tive ratings to a series of ceramic compositions nor do
and 24000F respectively, have also been developed at laboratory test results necessarily agree with practice.Ohio State University. This method works well on aOhiorSatey nrsa tit. is motyethodoworksw well 01 a Under these circumstances it may be necessary for the
laboratory scale, but it is not yet known how well the present to rely on empirical tests or on laboratory
Inconel will withstand 24000F in a fabricated part.

tests which have been correlated with results of actualApplications of a base coat enamiel have been made
use until the fundamental factors which determine

with a "powder-weld flame gun." This method results
in a rather rough surface, but it should be entirely are ietter understood.
satisfactory for work on rockets, particularly for re-
pair jobs. A brief description of some of the tests being used

prdat Rutgers University or developed for ceramics research is given in this see-
ption. The dicussion does not necessarily include all

to study the preparation of glass-free refractory coat- t he dso m es nt bei used, b is

ings. The coatings are to be deposited in any appropri- the methods of measurement being used, but it is

ate manner, such as by electrolytic process, by dipping meant to be illustrative of the main teciques now

or spraying, or by condensing from the vapor state.
The first method to be tried is the deposit of the com- a. Bending Tests. The mechanical strength of a
pound from a flame, which can be done by injecting ceramic body is commonly described in terms of the
the metal dust or oxide dust or a volatile compound modulus of elasticity or of rupture determined by the
of the metal into the flame. This technique appears bending of a bar supported by two knife edges and
promising because it is believed that coatings of cop- loaded midway between the supports. The sample and
per oxide and even of alumina on steel can be made associated equipment is placed in a furnace to be
in this way. In order to obtain the high temperatures heated to the desired temperature. A tF* National
desired it will be necessary to use an atomic hydro- Bureau of Standards the samples (6 inch, ; 1 inch
gen burner. Attempts will be made to prepare coat- by 1,4 inch) are heated to 18000F by four Globar
ings of spinel, magnesia, beryllia, titania, zirconia, mul- elements symmetrically placed around the sample
lite, alumina, and silica. It is propoaed nlgo to do some (10). The load is applied at the midpoint of a span

of about 5 inches and the deflection is measured by a
NOhio State University, C"olumbns, Ohio; 0. A. Bole; AAF gauge reading to 0.0001 inches. In one set of tests,

Contract W-33-038-ac.14217; Unclassified. the observed modulus of rupture varied from 6000
55 Rutgers University, New Brunswick, N. J.; R. B. Sons-

man; AAF Contract W-33-038-ac 15800; Unclassified. pounds per square inch to 38,000 pounds per square
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inch. Ohio State University50 in a similar test uses tests and it has proved to be quite satisfactory for this
a sample 41/2 inches by V inch by 1/4 inch loaded at the purpose. A few short.tinie tensile tests have been

center of a span of 3-% inches. The deflection at the made with rather unsatisfactory results, most of the
end of a lever arm giving a mgnification factor of breaks occurring in the adapter.
ten is measured. Tests can be made at temperatures up A method of measuring tensile strengths up to
to 2800F. The modulus of rupture by bending is 24H)0 F is being developed at Ohio State University."M

determined by Battelle Memorial Institute up to It is planned to use a cylindrical sample Y% inches in
2000OF and by the Jet Propulsion Laboratory, Cali- diameter and 8 inches long and to heat the center 2
fornia Institute of Technology, up to 22000F. Alfred inches of the sample in a small wire resistance furnace
University" has designed and is now constructing or an irduction furnace, using a chromium sleeve as
apparatus for measuring modulu|s of rupture up to the heating element. Insulation is placed between the
temperatures of 3000"F. ends of the sleeve and the ends of the sample. This

b. Tensile Tests. The modulus of elasticity of cera- work is in its early stages and no results are available
mic materials has been determined in tensile tests by at this time.
the Flight Propulsion Research Laboratory of the Na- r. Spin Tests. The determination of the niechanical
tional Advisory Committee for Aeronautics, the Na- strength of a ceramic material by spinning a suitably
tional Bureau of Standards, and Ohio State Univer- shaped sample at increasing angular velocities until
sity. In this method care musL be used in the prepara, rupture occurs is suggested by possible turbine appli-
tion of the sample and the alignment of the apparatus cations. However the stresses to which a rotating
to keep bending stresses to a minimum. The experi- sample is subjected are ,ot simple because of super-
mental complications are such that bending tests are posed vibrations and possible stress concentrations at
usually preferred, particularly for preliminary screen- the point of attachment to the rotor, and whether the
ing tests in the development of epramic materials, results of spin tests will be generally applicable must

In the Flight Propulsion Research Laboratory test be decided by future experimentation.
(26) samples are ground to specific dimensions and a A vacuum spin test is being developed at the Uni-
gasket of woven asbestos cloth is inserted between the versity of Illinois.81" The sample is a disc (diameter
specially designed grips and the sample to insure 10 inches, thickness at edge 0.70 inches, thickness at
uniform application of stress. In a preliminary align- center 1.60 inches) formed by dry pressing in a mold
ment test two strain gauges are mounted on opposite at 5000 p.s.i. The sample is spun in a vacuum at
sides of the specimen and the elongations of the two speeds tip to 60,000 r.p.m. by an air turbine operat-
sides of the sample are measured for stresses up to ing at 90 p.s.i. air pressure in a chamber 24 inches in
3000 p.s.i. at room temperature. If the calculated diameter. The walls of the chamber are 5 inches thick
bending stress is greater than 21/o of the tensile stress, and are protected on the inside by blocks of hard
the apparatus is aligned again. This method has wood. Resistance heaters placed above and below the
given consistent test results. sample will have to be replaced after each test. Work

The samples used at the National Bureau of Stand- on this project is in a relatively early stage, and it is
ards for tensile tests are cirt, lar in cross-section and not yet possible to evaluate the spin test as a means
screw into ceramic adapters (10). The adapters screw of studying the physical properties of ceramic ma-
into brass holders which are connected to the loading terials.
system through universal joints. A gauge length of Ohio State nIliversity',T is designing apparatus for
100 mm. is used, and measurements are made with a a spin test in which the sample will be heated by air
Gaertner extensometer-viewing device which makes friction. It is hoped that temperatures as high as
possible measurements with a precision of 1. micron. 24000F can be attained by this means. This project
Ten furnaces are available for experiments up to is in its early stages and no results are available yet.
1800OF and two for work at 24001F. The air tern- d. Thermal Shock Tests. Resistanee to thermal
perature over the entire gauge length of the specimen shock is required for nearly every application of cera-
can be maintained constant to within 50 F. This ap- mic materials to the construction of jet power plants,
paratus was designed particularly for long-time creep and many tests, mostly of empirical nature, have

been devised to measure this property. It would be50~hio State University, Oolumbumr, Ohio; 0. A. Bole; AAF expected that the coefficient of expansion, the thermal
(Contract W.83-038.ac-142 17; Uac~lasa fed.

BAlfred University, Alfred, N. Y.; L. I. Shaw; AAF Con. tm University of Illinois, (!hampaign, Illinois; 1). (1. len.
tract W88.088.ac-15903; tl~al(led, nett; A AP Contract W-33-038a-452; U7wlaeifled.
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diffusivity, and the strength of the material in ten- the axis of the ceramic cylinder to be tested. The flow
sion and in shear would be important factors in de- of the gases is carefully regulated in order to maintain
termining resistance to thermal shock; but there is constant temperature. Oxygen may be introduced into
not general agreement as to the relative importance the air stream if it is desired to increase the tempera-
of these quantities nor as to the possibility of com- ture. A measure of the temperature is obtained by
bining these factors into a single expression to de- replacing the test cylinder with an Inconel cylinder
scribe resistance to thermal shock. Some workers con- of the same dimensions and determining the tempera-
sider thermal conductivity the most important single ture of the outside of the metal cylinder. Any desired
factor, and others emphasize thermal expansion. Pre- cycle of heating and cooling can be used, of course.
liminary work at the Flight Propulsion Research A convenient cycle consists of five m;nutes heating
Laboratory of the National Advisory Committee for followed by five minutes cooling in an air blast. For
Aeronautics indicates a correlation between thermal special purposes the sample may be allowed to cool
shock resistance and coefficient of expansion and ten- without air blast or it may be quenched in water.
sile strength (2). The tendency of a refractory mate- Prof. F. H. Norton at Massachusetts Institute of
rial to spall on heating has been considered to be di- TchnologyH'. is in Mhestigating the correlation of the

reetly proportional to the coefficient of expansion and tendency of a refractory to spall with thermal diffusiv-
inversely proportional to the shear strain and the ity, coefficient of expansion, and shear strength. It is
thermal diffusivity (2). A detailed investigation of planned to determine the maximum rate of heating
the nature of thermal shock will be necessary to settle which a tubular specimen can withstand without
the questions which have been raised. cracking. The temperature gradient in the sample will

In connection with the development of ceramic lin- be measured by means of thermocouples connected to
ers, Battelle Memorial Institute19 has used an empiri- the inside and outside surfaces of the tube. The shear
cal test in which a sample of standard dimensions is strength will be determined by a specially designed
heated by a natural gas.oxygen flame to a tempera- optical apparatus which can mpanure the torsion in a
ture of about 40000 F in ten seconds or less, depending rod at elevated temperatures with a precision of 0.001
on the thermal properties of the sample. The material degrees. Special precautions will be taken to eliminate
is considered satisfactory for additional study if the bending stresses. The thermal diffusivity can be cal-
sample lasts for three minutes in the flame without culated from the density, specific heat, and thermal
melting or spalling. Materials which withstand suc- conductivity of the material or it may be measured
cessfully the first three-minute test are further directly by observing the temperature change along
screened by repeating the test until failure occurs. the axis of a heated cylindrical specimen when the

A theoretical and experimental investigation of ther- sample is plunged into a bath which is hotter than the
mal shock is being carried out at the Jet Propulsion sample. The coefficient of expansion will be measured
Laboratory, California Institute of Technology."' by standard techniques. Quantitative results have not
Studies are being made of the temperature variation at yet been obtained by this project, but the approach to
two points in a ceramic uody as a function of time and the problem of thermal shock is logical and the results
rate of heating. The test samples are of such a shape should be significant.
that temperature stresses can be computed in order to The Flight Propulsion Research Laboratory of the
determine the stresses at failure. The thermal expan- National Advisory Committee for Aeronautics has
sion and critical points of the material can be deter- used three methods for evaluating the thermal shock
mined up to 22001F by a special automatic recording resistance of ceramic discs and turbine buckets: (a)
dilatometer. Apparatus is available to measure ther- the maximum temperature achieved without crack-ma! conductivity up to 2000F. ing; (b) the number of cycles of heating and cooling

In the thermal shock test used at the University of without cracking; and (c) the maximum rate of heat-
Illinois,6i a natural gas-air flame is directed along ing or the number of cycles at a constant rate of heat-

ing without cracking (2).,
rgBattelle Memorial Institute, Columbus, Ohio; 11. C. Cross; At the National Bureau of Standards resistance to

AAF Contract W-33-038-ac-14320; Uincla8ifted. thermal shock is determined by heating a bar sample

6OJet Propulsion Laboratory, California Institute of Tech- for 30 minutes at 17001F and then placing it quickly
nology, Pasadena, California; L. G. Dunn; AAF Contract
W-33-038.ac.20260; Restricted.

'iUniversity of Illinois, Champaign, Illinois; D. 0. Ben. U
2Massachusetts Institute of Technology, Cambridge, Mass.;

nett; AAF Contract W-33.038ac-14520; Unclassified. F. H. Norton; BuOrd Contract NOrd 9661; ConftdentiaL
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in an air blast for 15 minutes (10). The cycle is re- tained by the Jet Propulsion Laboratory, California
peated a given number of times, or to failure, if de- Institute of Technology"' and charts of lattice spac-
sired. Three of the special compositions developed ing have been drawn up to aid in the rapid identifica-
could stand 10 cycles without failure. A similar tech- tion of constituents.
nique is used at Ohio State University, in which a
sample is heated to 1850°F in five minutes in a natu- 6. PoRous CERAMIcs. There appears to be little
ral gas.air flame and cooled to 1500 F in three minutes work under government sponsorship on the properties
in an air blast. of porous ceramic materials and on methods of fabri-

e. The "Foil Test." It is important that the jet eating them with suitable permeability. If methods of
power plants to be constructed in the near future be transpiration cooling can be developed to the point
built of the best possible materials now available. Ae- where they are effective in keeping the wall tempera-
cordingly, the M. W. Kellogg Company6' has set up a tures down to the temperature of a liquid fuel, porous
project to devise suitable t.t methods and to discover ceramics would have no advantage over porous metals.
commercially available materials which can be used Nevertheless it is possible that a need for porous cera-
for combustion chambers or liners. It was first con- mics in cooling systems will arise in the future.
sidered necessary to set up empirical tests which would The Aerojet Engineering Corporation has made
correlate with the behavior of the materials in use, to some preliminary tests in rocket motors of porous
serve as the first rough screening test. In the "foil carbon, graphite, and silicon carbide liners, fabricated
test" which has been devised for this purpose, a commercially (35). The M. W. Kellogg Company 3

sample is made up to standard shape and dimensions has obtained porous silicon carbide, mullite, and beryl-
and is mounted 1/2 inch from the nozzle of a 200-pound lia liners from commercial sources and will test them
thrust acid-aniline rocket motor. After the rocket has to determine whether the permeability is suitable. Bat-
been fired, the sample is examined qualitatively. Under telle Memorial Institute'; started work on January 1,these test conditions, stainless steel (18% chromium- 1947, on the development and evaluation of ceramic

8% nickel) is almost completely eaten through in 121 2  bodies available commercially for media in transpira-
seconds, while some graphites, electrolytic copper, tion cooling.
tungsten, and molybdenum have resisted erosion at
high temperature for 12Y, seconds. "Foils" have C. Other Refractory Compounds
been made up of the best ceramic materials which are

There are a number of compounds of high mneltingavailable commereially-zirconia, beryllia, NBS 4811,
magnesia,point which have not been used for high temperature

be made of these materials in the near future. Tests service and about which little is known. From the
which have been run to date indicate that high thermal standpoint of melting point these compounds offer

distinct advantages, and the fact that some of themconductivity and ductility are desirable properties for ar r re nd xp si e h o l n t be c s d r d agood thra hc eitne r aeand expensive should not be considered a
goodthemal hoo resstace.legitimate reason for not evaluating them. If some

The materials which show up best in the "foil tests" of these materials should prove to be considerably bet-
will be made up into nozzles for testing in a rocket ter than conventional substances in high temperature
motor. The nozzle will be mounted in a stainless steel service, ways can be found to produce them,
block but insulated from it, to prevent cooling. It is
planned to design this apparatus so that a stainless 1. CARBIDES, NITRIDES, AND BORIES. A literature
steel nozzle will burn out in 12Y2 seconds, a time equal survey of the properties of metallic carbides, nitrides,
to the life of stainless steel in the "foil test." By this and borides has been made by Pennsylvania State Col-
means it may be possible to correlate the results of the lege.6e Several of the compounds are very refractory
nozzle insert test with those of the "foil test." and it is planned to investigate some of them experi-

f. Structure. Standard apparatus for studying
structure by microscopic and X-ray techniques is ' 4jet Propulsion Laboratory, California Institute of Tech-
available at many of the institutions working on cera- nology, Pasadena, California; L. G, Dunn; AAF Contract
mic problems. The X-ray d:1fraction patterns for most W33-038-ac-20260; Restricted.

of the interesting ceramic compounds have been ob- 0Battelle Memorial Institute, Columbus, Ohio; H. C. Cross;
Materials, Fuels, and Combustion Project, Project IAND;Confidential.

68 M. W. Kellogg Co., Jersey City, N. J.; G. 11. Messerly; 66Penneylvania State College, State College, Penna.; E. C.
AAP Contract W-33.038-ac-13916; Restricted. Henry; AAF Contract W-33.038.ac-13506; Unclaasifed,
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mentally and to fabricate appropriate shapes for test. techniques, and compacting temperature and pressure
Table 2 lists the compounds with melting points above will be studied.
50000F. A material composed of a high-melting carbide or

nitride cemented with a refractory metal such as
TABLE 2. COMPOUNDS 2ELTIN ABOVE chromium, tungsten, or platinum might have suitable

5000°F (22). properties at high temperatures. It is planned to in-
Approximate vestigate such materials at the Polytechnic Institute
Melting Point

Compound (OF) of Brooklyn." Initially the work will involve quali-
Hafnium carbide 7020 tative studies of the wetting characteristics. Small
Tantalum carbide 7000 quantities of the materials will be put in holes in a
Zirconium carbide 6390 carbon block which will be made one electrode of a
Columbium carbide 6330 carbon arc. The resulting beads will be sectioned, the
Titanium carbide 5680 structure will be studied metallographically, and hard-
Tungsten carbide 5190 ness measurements will be made. This work has just
Vanadium carbide 5125 begun, and no results are available yet.
Thorium oxide 5500
Magnesium oxide 5100 2. METALLIC SALTS. The physical and chemical
Hafnium oxide (19) 5100 properties of metallic salts, both naturally occurring
Boron nitride 5430 and made in the laboratory, are being investigated at
Zirconium nitride 5400 elevated temperatures by Pennsylvania State Colleges
Titanium nitride 5300 in order to pick out those which might be suitable as
Tantalum nitride 5070-5450 high temperature materials. In order to be at all
Hafnium boride 5540 useful the compound must have a high enough melt-
Zirconium boride 5450 ing point, 30000F or above. If this property is satis-
Tungsten boride 5300 factory, the thermal expansion is next measured. It is

considered that a compound wich too great expansion
Preliminary investigations have shown that chro- co re thma op nd h e ongre tp smiumbordes emeted ithnickl o coblt ave will not resist thermal shock and hence only thosemium borides cemented with nickel or cobalt have compounds with a satisfactorily low expansion are

excellent corrosion resistance and maintain their copndwihastscorllwexninaehardllnt ter atuion resstanc a nd ighas these given further consideration as high temperature mate-
hardness at temperatures as high as 23000P. These rials. If a compound appears promising, its chemical
materials ore being studied and developed further in properties and crystalline forms are studied, and
a project at the American Electro-Metals Corpora- measurements are made of thermal expansion, water
tionY7 This work has just begun and the results are asoremnsstre hat o c rexpance, ate
not yet available. The initial phases involve obtaining absorption, strength, heat shock resistance, and thiethe necessary materials, developing methods of chemi- effect of various heat treatments. Compacted bodies

theneessrymaerils dvelpig mthdsof hei- of the promising powdered materials, alone and mixed
cal analysis and studying fabricating techniques. The with other ceramic compounds, are made up and
best materials as judged by preliminary screening tste re
tests will be fabricated into bodies, such as turbine
blades, and tested. The long-range plans for this proi. Phosphates of aluminum, beryllium, cerium, and
ect include the determination of the factors which in- zirconium have been studied. Beryllium phosphate '
fluence the behavior of the cemented compacts at high has too low a melting point. All the phosphates decom-
temperatures, in connection with which the effect of pose at high temperatures, losing phosphorous pent
the properties of the constituents and of various fabri- oxide. But the coefficient of thermal expansion of
eating techniques will be investigated. In particular zirconium phosphate is so low, smaller than that of
the chromium-boron, nickel-chromium-boron, and co- fused silica, that it should be a useful material, and
balt-chromium-boron phase diagrams will be estab- it is planned to investigate methods of lowering the
lished in regions of interest and the solubilities of the vapor pressure of phosphorous pentoxide. In addi-
various chromium borides in cobalt and nickel will be tion the chromates (chromites), phosphates, silicates,
determined. The effect of particle size, hot pressing

48 Polytechnic Institute of Brooklyn, Brooklyn, N. Y.; 0. H.

STAmerican Electro-Metals Corporation, Yonkers, N. Y.; Henry; ONR Contract N6-ori-98, T.0.-2; Undassijied.

Paul Schwartzkopf; ONR Contract N6-ori-256; T.0.1; Un. 6Pennsylvania State College, State College, Penna.; E. C.
0488ifled. Henry; AAF Contract W-33-038.ac.13506; Unclasifed.
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stannates, and tungetates of calcium, cerium, magne, urements at the Bureau of Standards have not checked
slum, thorium, and zirconium are being prepared and the reported low thermal expansion of the compound
studied. Some of these compounds have already been and that further work is necessary to reconcile the
found to be refractory, and further work will be done apparently conflicting experimental results.
on the most promising. In recent work at Pennsylvania State College 0

In connection with the work on zirconium phos- studies have been made of the relation between crys-
phate, it should be mentioned that preliminary meas- tal structure and thermal expansion.

V. OUTSTANDING PROBLEMS

1. FAoToS AFFECTINa PRoPERTni Or MATimims. 3. HIoH TEMPEATURE TECHNUS o u. A tempera-
Lt has been noted several times in the discussion of ture of 30000F is still considered to be high, and
materials that the physical and chemical factors in- methods of obtaining, measuring, and controlling tem-
fluencing the properties of materials are not well un- peratures in excess of 3000OF are technical problems
deratood, even at room temperature. Hence in the of some magnitude. It will be noted in the previous
development of new high temperature materials all discussion of materials that very few measurements
materials of satisfactorily high melting point must be are being made of the properties of materials above
tested in all possible combinations with all possible 25000 F, and hence there is no quantitative informa-
fabricating techniques and heat treatments, even tion about the behavior of materials at the high tem-
though it is known that melting point does not corre- peratures which are attained in actual practice. High
late with mechanical strength at high temperatures. tempe" -ture techniques must be developed to provide
This is a time.consuming costly process with no guar- the n. (, .d data.
antee of achieving optimum results. The determina-
tion of the factors responsible for high temperature 4. DEVELOPMENT OF SUITABLE TESTS. In attempt-
strength must be regarded as a major objective of any ing to increase the useful temperature range of metal-
long-range research program on materials, a fact long lie and ceramic materials, a large number of tests
recognized in studies of metals and alloys and recently have been devised, the results of which are sometimes
emphasized for ceramics by King (24) and Duck- difficult to interpret in fundamental terms and which
worth (2). A brief discussion of the present state of have been of doubtful value to the engineer. Their
knowledge and of important factors for future inves- main use has bepi as a screening test for the develop-
tigation was given in the previous section of this ment of new materials. This, of course, is a reflection
report. of the lack of knowledge of the properties of mate-

rials at high temperatures and the factors which deter-

2. DEVELOPMENT Or MATEIALS. It appears now mine satisfactory performance. There is therefore a

that the new fuels which are being considered will be need for the study, development, and standardization

available for test and use before satisfactory materials of testing procedures, a need which is particularly

or methods of cooling are devised 'or utilizing them important in the ceramic field.

efficiently in. a power plant. The development of mate- In the development of suitable tests the several needs
rials, then, is a matter of primary and immediate in- of the engineer and designer should be considered.
portance. An effort must be made to improve the ma- For example, in high temperature testing the time
terials now in use, but the ultimate requirement for interval involved is important, and emphasis has been
resistance to high temperatures in jet power plants is placed on long-time tests. Such data, however, are

so far beyond the performance of the present materials not directly applicable to the design of a device which
that the development of likely but unconventional ele- is meant to last a matter of minutes. In many cases,
ments and compounds, the high-melting metals, bo-
rides, carbides, nitrides, and oxides, must be vigor. 70Pennsylvania State College, State College, Pennsylvania;

E. C. Henry; AAF Contract W.33.038.ac.16374 (17284) (a
ously prosecuted. continuation of W-33-038-ac-13506); Utcassifled.
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short-time tests have given inconsistent results in the portance to provide for service tests of new ceramic
laboratory, and it would appear that a special study and metallic materials and to establish the correlation
of such tests is desirable, between laboratory tests and service results.

At the present stage of development of testing pro- 5. PROPERTIES OF MATERIALS RquiRED FOR SATIS-
cedures and of general high temperature techniques FACTORY PERFORMANCE. The properties which a mate-
in ceramics work, it is necessary for each project to rial must have to give satisfactory performance are not
carry out its own design and development of appara- definitely known and must be investigated. High
tus for routine measurements, thus diverting effort mechanical strength at elevated temperatures has usu-
from the main objective of the research. The estab. ally been considered to be the most important prop-
lishment of a project specifically to study testing meth- erty. In regeneratively cooled rocket motors, however,
ods and to develop and produce suitable testing equip- it has been found that the metcls which give the best
ment should result in a considerable saving of time service do not necessarily have the best mechanical
and effort. strength at high temperatures, and the indications are

The ultimate test for a material is its performance that thermal conductivity may be an important con-
in actual service. Unfortunately thc measurements of sideration. A determination of the basic properties re-
physical properties and the results of laboratory tests quired for satisfactory service, with particular atten-
designed to simulate service conditions often do not tion to thermal conductivity, is necessary, especially in
correlate with service performance, and there is a real connection with the building of large regeneraiively-
danger that laboratory evaluations of a material are cooled rockets in which thick material must be used to
incorrect. It is therefore of considerable practical im- obtain the necessary mechanical strength.
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